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Abstract 
The loss in the performance during the fuel cell operation, such as lack of durability,  is one of the 
hindering factors for the commercialization of fuel cells. It is closely related to the degradation of 
membrane and catalyst of the cell. Operation under dynamic load cycling  is known to enhance the 
degradation for various reasons. In this project, a polymer electrolyte membrane fuel cell (PEMFC) made 
of Nafion 112 membrane was used for experiments to observe the response of fuel cell performance 
while cycling the load between 0.54 A/cm2 (0.63±0.005V) and 0.02A/cm2 (0.88±0.005V) .  The 
performance degradation was analyzed using four methods: polarization curve, impedance 
spectroscopy, ion chromatography and transmission electron microscopy. The results demonstrate the 
gradual degradation of membrane, with a significant overall voltage loss by 48% for the low current 
condition, from the beginning to the end of the experiment.  
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1. 0. Executive Summary  
The objective of this project was to observe the chemical degradation of membrane of a PEM fuel cell 
while imposing dynamic current cycle between the nominal condition, 0.54A/cm2 (0.63±0.005V), and the 
low loading condition - close to the open circuit voltage condition (OCV), 0.02A/cm2 (0.88 ±0.005V). 
Imposing dynamic load cycling on a fuel cell experiment is often done to enhance the degradation, 
hence promoting the observation of degradation in timely manner. This type of experiment is also useful 
for testing of applications which require various operational modes, such as the automotive 
applications.  
The experimental work was done in LGSC, ENSIC, France. The polarization of the newly purchased MEA 
begun on January 14th, 2009, and the dynamic load was tested beginning February 3rd. The duration for 
the low current condition begun at 2 hours, and was gradually increased until 50% cycling duty between 
the nominal condition and the low current condition was met.  The cell was turned on in the beginning 
of the week, and was shut off during weekend.  
The general procedures for the experiment were as follows; polarization curve was obtained after each 
experiment, followed by the acquisition of impedance spectrum of each experiment. After the 
frequency response analyzer (FRA) for impedance spectroscopy stops, the effluent water from the 
condensers at each electrode was collected, weighed, and tested for PH. The chromatograph analysis 
was done to investigate the fluoride and sulphonate ion concentration in the effluent water. Later, the 
MEA were sent for the microscopy analysis and the results were sent to us.  
As a part of data analysis, parameter fitting equation was developed for the polarization curve. The data 
obtained from FRA was adjusted to the existing model for accurate analysis. The results from the 
chromatography and microscopy were investigated to quantify the level of degradation occurred over 
the course of experiment.  
The degradation was manifestly proven after analyzing four different type of data; polarization curve, 
impedance spectroscopy, ion chromatography, and microscopy. The overall potential response 
decreased by 45% for the 0.02A/cm2 (0.63±0.005V), and 28% for the 0.54 A/cm2 (0.88 ±0.005V). The 
Ohmic  resistance of the cell for the 0.02A/cm2 experiment increased by 19.8% and, 11.9% for the 
0.54A/cm2 experiment. The concentration of fluoride ion and sulphonate ion was observed to be higher 
at anode than at cathode, while larger agglomeration and more dissolution of platinum particles were 
observed at cathode than at anode.  
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The major conclusion of this project is that imposing dynamic load cycle on the fuel cell operation did 
further enhance the fuel cell degradation process. However, this type of project is more meaningful in a 
sense to provide more data in assessing the behaviors of fuel cell under non-ideal/nominal condition, 
which can add to the experimental database to establish the standards that are necessary to test the 
durability of membrane in a fuel cell.   
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2. Background 
2.1. Fuel Cells  
2.1.1. History 
Fuel cell technology is a very old conception but one which has taken a long time to develop and 
transition into practical use. The notion of a “gaseous voltaic battery” was first conceived in 1838 by 
Welsh physicist Sir William Grove. By 1842 he was able to create a stack of 50 fuel cells, which was the 
extent of the technology’s development for almost a century until 1937 when Francis T Bacon 
endeavoured to apply the science to practical purposes. He developed a fuel cell stack that could 
generate 5 kW of power – enough to power machinery (Yuan, 2008). 
Further advances in fuel cell technology were sporadic at best until the 1990’s. The PEM fuel cell was 
invented in the early 1960’s by Thomas Grub and Nicholas Neidrach, engineers of General Electric. The 
design was improved upon when Dupont released a new more resilient and more efficient membrane 
called Nafion in 1967. During that time, the PEMFC was also used in the Gemini Space Program. After 
correcting some technical and performance issues, the fuel cells were used for auxiliary power in several 
manned space missions, starting with Gemini V (Yuan, 2008). 
As fuel cell research proved to be expensive, interest in developing the technology waned until the late 
1980’s when Ballard Power Systems began to study them. Strides made during the next decade inspired 
a renewed interest in PEM fuel cells. More recent advances in the science continue to improved power 
densities while significantly reducing the amount of catalyst needed and cost (Larminie, 2003).  
 
2.1.2. Overview 
A fuel cell is an electrochemical device which uses external sources of fuel and oxidant to convert their 
chemical energy to electrical current. The external fuel sources are what differentiate a fuel cell from a 
battery, as it can run continuously so long as the reactants are being fed into the system. There are 
several types of fuel cell, all named for the type of electrolyte used. Some of most commonly discussed 
of these are the alkaline, direct methanol, and proton exchange membrane fuel cells (Yuan, 2008). 
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2.1.3. Alkaline fuel cell 
Alkaline fuel cell uses an aqueous potassium hydroxide solution within a porous matrix as the 
electrolyte. In this fuel cell, hydroxyl is the mobile charge which travels from the cathode to the anode 
of the fuel cell. There it reacts with hydrogen, producing water and releasing electrons which travel 
along the external circuit to the cathode. These electrons react with the oxygen in the cathode and 
water in the membrane to form more hydroxyl molecules (Larminie, 2003). 
Anode:      2H  4OH  4HO 4e          [1a]  
Cathode     O  4e   2HO  4OH           [1b] 
There are three varieties of alkaline fuel cell, mobile electrolyte, static electrolyte, and dissolved fuel. 
The most widely used type of alkaline fuel cell is the mobile electrolyte alkaline fuel cell, in which the 
KOH electrolyte is pumped through the fuel cell. The hydrogen also circulates through the anode where 
it evaporates the water that is formed there and flows to a condenser which separates the water 
product from the reactant hydrogen. As the fuel cell continues to run, the potassium hydroxide 
electrolyte can react with carbon dioxide in the atmosphere to form potassium carbonate [2], which 
significantly decreases cell performance in the long run (Larminie, 2003). 
2KOH   CO  KCO  HO          [2]    
The static electrolyte alkaline fuel cell uses the KOH electrolyte held within a porous matrix. Asbestos is 
usually used due to its good mechanical properties such as corrosion resistance and strength.  In this 
system, pure oxygen is used instead of air and the hydrogen is still circulated through the anode. The 
static electrolyte alkaline fuel cell can be operated in any orientation, as it is solid, however, it does 
experience problems with water management and drying of the cathode and matrix (Larminie, 2003). 
The final type of alkaline fuel cell is the dissolved fuel alkaline fuel cell. The fuel in this cell is dissolved in 
the KOH electrolyte solution, which means that it is in contact with the cathode. This increases the 
problem o fuel crossover, which degrades the cell. This fuel cell has the capacity to produce 8 electrons 
per molecule of fuel when using a borohydride fuel (Larminie, 2003).  
    NaBH  8OH      NaBO 6HO  8e          [3] 
Some of the positive aspects of the alkaline fuel cell are that it is composed of mostly standard 
materials, such as potassium hydroxide, which is very cheap. No precious metals are required. Also, the 
oxidation reduction reaction happens more readily in the alkaline fuel cell than in other fuel cells so the 
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activation overvoltage at the cathode is lower and a single cell can achieve a higher voltage (0.875V).  In 
addition the alkaline fuel cell does not have as many water management issues as other cells, such as 
the PEMFC (Larminie, 2003). 
2.1.4.Direct methanol fuel cell  
A direct methanol Fuel cell is one in which methanol is directly used as the fuel. In the DMFC, a 
methanol /water mixture is pumped along a proton exchange membrane where it is oxidized by a 
bimetallic, usually platinum /ruthenium, catalyst, producing carbon dioxide, 6 electrons which travel 
along the external circuit to the cathode, and 6 protons, which migrate through the PEM.  The overall 
anodic reaction is shown below [4]. 
CHOH HO  6H   6e   CO          [4] 
However, it occurs in several steps with many possible reaction routes. In the cathode, air is pumped 
upwards, is contacted with the platinum catalyst and is reduced.  The oxygen reacts with the protons 
coming through the membrane and the electrons from the external circuit to produce water, which is 
then evaporated away by the process air stream and is separated, in order to be reused in the methanol 
solution in the anode (Larminie, 2003). 
  

  O  6H  6e   3HO          [5] 
Direct methanol fuel cell are advantageous firstly because methanol is a cheap and abundant fuel source 
which can be easily stored and does not  have the production issues associated with other fuels, such as 
hydrogen. It also boasts an energy density similar to that of gasoline and does not experience 
degradation due to the effects of gas crossover, as the fuel source is a liquid. So long as the 
concentration of methanol in water remains within the specified design limit, little methanol will cross 
through the membrane and the PEM can also stay sufficiently hydrated. Because of all of this, DMFCs 
could become a solid competitor to battery as a power source for small electronics once the cost and 
reliability issues have been addressed.  
There are some other issues that require more research and development for the direct methanol fuel 
cells, the most prominent of which is the slow anodic hydrogen oxidation reaction. Because of the 
complexity of the reaction routes necessary to extract 6 protons (H+) and electrons from methanol, the 
hydrogen oxidation reaction rate is low and there are significant voltage losses in the anode and 
cathode. Another concern associated with the DMC is that methanol is extremely flammable. Also, if the 
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methanol and water concentrations are off a phenomenon called fuel crossover will occur in which the 
membrane will readily absorb methanol and it can be carried to the cathode by water, considerably 
impacting cell open circuit voltage (OCV) and performance.  
2.1.5. Proton Exchange Membrane (PEM) Fuel Cell 
The proton exchange membrane fuel cell, also called the solid polymer fuel cell, uses a polymer to 
conduct mobile ions (H+) through the system. This low temperature fuel cell boasts a rapid start time as 
well as a compact unit design, no specific orientation requirements, and no corrosive fluid hazards, all of 
which make it ideal for use in vehicles and portable devices. The operating conditions vary with purpose; 
however PEM fuel cells generally operate at temperatures ranging from 85 to 105°C and at ambient 
pressure or higher (Larminie, 2003). 
The main functioning unit of a PEM fuel cell is the membrane electrode assembly or MEA. The MEA is 
comprised of a very thin membrane, a polymer electrolyte which serves to facilitate proton transport 
from the anode to the cathode, sandwiched between a two electrodes. The electrodes are carbon – 
supported catalyst fixed to porous carbon cloth or paper. This assembly of anodic diffusion layer, 
catalyst layer, membrane, catalyst layer, cathodic diffusion layer is perfectly aligned and hot pressed 
until it is one inseparable unit.  
 The MEA is secured between two field flow plates which disperse the flow of reactant gases along the 
entire active area of the assembly. These plates may be bipolar if several membrane electrode 
assemblies are to be stacked in series to achieve higher voltages (Larminie, 2003). Gaskets are placed 
between the MEA and the flow field plates of both the anode and the cathode in order to prevent any 
leakage of gas from the system. The whole assemblage is sealed with a compression plate. 
Within a PEM fuel cell, the primary reactions taking place are that the hydrogen gas enters through the 
field flow plates of the anode and diffuses through the carbon cloth or paper. It reacts with the platinum 
catalyst, losing two electrons which are conducted by the carbon out to the external circuit as the 
remaining protons are transported through the membrane. Meanwhile, air enters the cathode side of 
the assembly. The oxygen molecule is broken and the ions react with the protons from the membrane 
and electrons arriving through the external circuit to make water. The overall system of a PEM fuel cell is 
shown in Figure 1.  
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Figure 1. PEM Fuel Cell Schematic (http://www.hart-isee.com) 
Anode:     2H  4 H  4e           [6a] 
Cathode:     2O  4H  4e  2HO          [6b] 
 
2.1.6. The Membrane 
Although different companies may produce or conduct research towards finding their own polymer 
electrolyte membranes, the most popular and pervasive membrane today is Nafion. Developed in 1967 
by Dupont as part of the Gemini Space Program, Nafion has become an industry standard due to its 
excellent proton conductivity, resistance to side chemical reactions, good mechanical properties, acidity, 
and relatively low cost of production. Nafion is created through the perfluronation of polyethylene, 
producing the hydrophobic compound polytetrafluoroethylene or Teflon (Yuan, 2008). Sulphonate side 
chains are then added to the PTFE backbone in order to produce electrolytic properties. The SO3
- ends of 
the side chains form hydrophilic regions in an otherwise hydrophobic material, allowing the membrane 
to absorb enough water to dissociate the acid groups and make the protons more mobile as they move 
through the liquid phase within the parts. To transport the protons efficiently the membrane must be 
extremely thin, 50 microns being the lower limit (Larminie, 2003). Below this limit, fuel crossover 
becomes a significant issue.  
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2.1.7. The Catalyst Layer 
The electrode of the PEMFC is comprised of a carbon-supported catalyst usually mixed with small 
amounts of PTFE and Nafion. Through years of study, platinum has continually stood out as the best cata   
-lyst for both the anode and cathode reactions of the fuel cell despite the fact that the oxygen reduction 
reaction which is more difficult than the hydrogen oxidation (Yuan, 2008). Several tiny platinum particles 
are widely dispersed over the surfaces of much larger carbon powder particles increasing the catalyst 
surface area available for reaction. Nafion added to the electrode is meant to aid in proton movement 
toward the membrane. It spreads over the catalyst without covering it completely to create the “three-
phase contact” between the fuel or oxidant gas, catalyst, and electrolyte critical to the performance of 
the fuel cell. The PTFE within the electrode is added to aid in the removal of water to the surface where 
it can evaporate or be drawn away from the MEA (Larminie, 2003). 
 
2.1.8. The Diffusion Layer                                                                                                                                   
The diffusion layer disseminates the gas entering the MEA as well as provides support and structure to 
the electrode. It consists of a porous two layer carbon-based cloth or paper ranging in thickness from 0.2 
to 0.5mm. The first layer has large pores and contacts the flow field acting as a current collector for the 
anode or cathode. The second layer is microporous and contacts the catalyst layer. It helps to draw 
water away from the catalyst and also conducts current (Yuan, 2008). 
2.1.9. Problems with the Technology 
Due to its compactness and efficient low temperature operation, PEM fuel cells are well suited for both 
stationary and mobile systems, as well as transportation. There are some difficulties associated with the 
cells in that capacity. One of the points of improvement for the polymer electrolyte fuel cell system is 
the storage of the hydrogen fuel. Although it is highly compressible, the pressures required to have 
smaller tanks for portable applications are very high (700atm), which is a concern for some, also there 
are efforts to control hydrogen leakage from the system. Another aspect of the PEMFC which can be an 
issue is its low temperature of operation. While the low operation temperature is the reason for the 
cell’s rapid start time, its temperature limits mean that the membrane may not be resilient enough for 
certain mobile or transportation applications.  
The delicate balance of the membrane conditions is the cause of another major problem which can 
greatly affect fuel cell performance. Water management is something that must be considered within 
the design of the fuel cell operating conditions. The membrane of the fuel cell must maintain a certain 
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moisture level in order to function properly, as it is water in the membrane which swells the proton 
conducting channels, allowing the diffusion of protons. Drying of the membrane can cause it to become 
brittle and more susceptible to mechanical failure in addition to reducing its functionality. On the other 
hand, too much water within the MEA can also be disastrous. Excess water can cause flooding in the 
electrodes and can was away the catalyst, leaving the active area diminished. It can also clog the 
channels and pores which are meant to be proton conductors (Larminie, 2003).  
Another phenomenon that can happen in the fuel cell is that one area is dry even as another is well 
hydrated. This is due to “electro-osmotic drag” in which the protons pull water molecules along as they 
move through the membrane (Larminie, 2003). One good way to maintain good water content within 
the MEA is to humidify one or both of the reactant gases (Larminie, 2003). The ideal percent humidity 
for operation should be considered carefully as it can vary from system to system.  
Since this study is concerned with PEM fuel cell degradation, a review of the relevant literatures is 
provided next.  
 
2.2. Literature Review  
 
In this section, different membrane degradation mechanisms that affect the durability of PEMs will be 
reviewed. The emphasis will be made for the chemical degradation and in situ tests - both standard and 
accelerated life test- .  
2.2.1. In Situ PEM Durability Evaluation  
 
The physical condition for standard tests generally include steady-state operation, cell temperature 
range of 50 to 80⁰C, and 100% relative humidity. The cell is generally operating at atmospheric pressure, 
but backpressure is sometimes applied for specific target of fuel cell applications (Borup, 2007).   The 
data analysis for In Situ experiment includes cell resistance measurement, ac impedance, gas 
permeability, microscopy, SEM, TEM, NMR, IR, X-ray, neutron techniques, and chemical structural 
analysis (Borup, 2007).   There are literatures available for experiments done on different types of 
membrane to study the durability with measurement of the lifetime of membrane. The database for the 
17 
 
In Situ experiment literatures has been summarized by Borup et al (2007) and conclusions for the typical 
membrane are tabulated in Table 1.  
Table 1: Durability of Selected Membranes Under Fuel Cell Operation( R. Borup, 2007) 
PEM IEC 
(mequiv/g) 
Application 
Type 
Thickness 
(µm) 
Temp(⁰C) 
Panode/Pcathode 
Humidification 
(% RH) 
Conditions Lifetime 
(h) 
Nafion 0.9 H2/air 180 80  1 A/cm
2
 (start-
up), cont 
2,300~ 
20,000 
 0.9 H2/air 50 80 
15 /15 psig 
>100% 0.6V cont 3,000 
 0.9 H2/air 25,50 65/1/1 bar 100% 0.8A/cm
2
, cont >2,500 
Flemion 1.1 H2/O2 50 80 
0.1 MPa 
100% 1 A/cm
2
 
Cont 
>4,000 
Gore 
PRIMEA 
 
 
 
 
H2/air 
 
 
30 
 
 
70 
Ambient 
 
100% 0.8 A/cm
2
 
Cont 
>20,000 
 
 
BAM 3G 2.2  H2/air  70 
24 /24 psig 
 0.5 A/ cm
2
 
 
4,061 
 
One of the biggest drawbacks of such a standard condition test is that it requires a long operation of the 
fuel cell. In order to investigate degradation without having to operate the cell for thousands hours, the 
test can be done under accelerated conditions. There are four different parameters that are generally 
imposed for the accelerated test conditions (Borup, 2007). (1) Elevated temperature, (2) reduced 
humidity, (3) open circuit voltage (OCV) and (4) cycling conditions such as relative humidity, 
temperature, potential, and load (current).  In addition to providing accelerated degradation condition 
for an experiment, the effect of OCV on membrane degradation with controlling other variables is also 
an important measurement of membrane degradation.  
Generally, the target of accelerated tests is the automotive applications, which require consistent 
durability throughout various modes of operations. For example, fuel cell tests under temperature 
greater than 100⁰C is intended for the heat rejection issues of automotive applications (Borup, 2007).  It 
has been noted that elevated temperature has shortened PEM life time (Zhang, 2007). The accelerated 
conditions (1) ~ (4) have proven to enhance the membrane degradation. The most drastic effects were 
observed under low humidity and OCV conditions. Borup et al (2007) have compiled the experimental 
data for membrane durability using the in situ accelerated test   
The fuel cell accelerated test is a useful method to investigate the cell degradation within shorter 
duration. Since the method is used so often, several research groups and organizations are pursuing to 
develop test protocols for cycling accelerated fuel cell tests (Borup, 2007). 
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2.2.2. OCV Membrane Degradation 
 
There is ample literature available on studying the effects of OCV on membrane degradation.  OCV 
condition is known to induce degradation due to (1) increased gas crossover phenomena from higher 
gas partial pressure, (2) decomposition of membrane due to high potential, and (3) electrochemically 
induced ageing process due to the free radicals and catalyst dissolution.  
Kundu et al (2008)  observed that the potential loss rate during the steady state ranged between 0.083 
and 0.146 mVh-1, whereas during the transient period to OCV, the estimated decay rate was as high as 
5.8mVh-1.  Hommura et al (2005) used a FlemionTM membrane and severe durability condiVon (120 C̊ 
and 17% RH) in an OCV test. They found that the open circuit voltage decreased considerably over 160h 
from 0.95V to less than 0.65V while the hydrogen crossover rate increased almost exponentially. Inaba 
et al (2006) conducted an OCV test and found that the cell fluoride emission rate was more significantly 
impacted by changes in the oxygen partial pressure and less for the hydrogen partial pressure. From 
this, they indicated that oxygen crossover to the anode may be more important to membrane 
degradation than hydrogen crossover. Some of the studies need further verification on the results and 
often face contradicting conclusions produced by other tests.   
 
2.2.3. Chemical Degradation 
2.2.3.1. Peroxide/Radical Degradation 
 
One of the proposed mechanisms by Laconti et al (1977), for the peroxide/radical degradation is the gas 
crossover of oxygen molecules from cathode side, which become reduced at the anode Pt catalyst to 
form hydrogen peroxide (Laconti, 1977, 1982).  The proposed mechanism is shown in [7a]~[7c]. 
H2+ Pt -> Pt-H (at anode)          [7a] 
       
Pt-H + O2 (permeated through PEM to anode) -> •OOH          [7b]  
 
•OOH + Pt-H -> H2O2             [7c] 
 
 
H2O2 formation in oxygen reduction can occur on polycrystaline (Damjanovic, 1969) (Tarasevich, 1983), 
single crystalline Pt , as well as Pt/C catalyst (Antoine, 2000). The reduction is enhanced in the anode, 
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where atomic hydrogen is absorbed on Pt (Borup, 2007). H2O2 has been found in exhaust gas (Teranish, 
2006), in drain water (Inaba, 2006), and in the membrane itself (Liu, 2005) during operation of PEMFCs, 
although the exact concentration is difficult to measure (Borup, 2007).  
The presence of impurities, such as Fe2+ and Cu2+ can accelerate the membrane degradation by H2O2 
(Qiao, 2006). The degradation mechanisms with the presence of cations is proposed by LaConti et al 
(2003) as shown in [8a] and [8b]. .  
 
H2O2 + M
2+ -> M3+ + •OH + OH          [8a]   
 
•OH + H2O2 -> H2O + •OOH          [8b]    
 
The hydroxyl and hydroperoxy radicals formed through such reactions could attack the membrane, 
causing the membrane degradation (Laconti, 2003). 
 
Research done so far has concluded that more significant degradation is observed in the MEAs catalyzed 
only at the cathode side than in those catalyzed only at the anode side. This conclusion contradicts the 
mechanisms proposed in peroxide/radical enhanced degradation (H2O2 is formed at the anode catalyst) 
(Borup, 2007).    
To explain this inconsistency, two mechanisms have been proposed: one is similar to the proposed 
mechanism by LaConti et al (2003), except that it assumes the reduction happens at cathode via 
hydrogen crossover from anode to cathode. The other one is that the formation of radicals occurs 
directly from oxygen-containing species on Pt, such as Pt-OH and Pt-OOH (Mittal, 2006). However, these 
mechanisms have not been verified yet.  
 
2.2.3.2. Platinum Dissolution (Formation of Pt Band) 
 
Platinum dissolution is another cause of the fuel cell performance decline and the chemical degradation 
of membrane.  Platinum is dissolved due to the high potential at the cathode. The dissolved platinum 
particles then deposit inside the bulk membrane, and form Pt band - which is another serious 
degradation phenomenon in operation (Ferreira, 2005), especially under potential cycling (Yasuda, 
2006) and at OCV (Ohma, 2006).   
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The formation of Pt band has been extensively studied through mathematical modelings (Zhang, 2007). 
Conceptually, Pt band will be formed in membrane where the permeated H2 and O2 are completely 
consumed, forming H2O (Zhang, 2007).  When there is excess H2, O2 will be completely consumed locally 
first, and the fast HOR kinetics will stimulate further Pt deposition by setting the electrochemical 
potential of electronically isolated Pt particles to near 0V (Zhang, 2007). In the case of excess O2, the 
potential of the isolated Pt particles become 1V and no further Pt deposition occurs (Zhang, 
2007).Hence, conceptually, the local position of where Pt band forms can be found within the 
membrane where molar flux of O2 is equal to half of molar flux of H2. At this point, both gases are 
completely consumed to form H2O. The mathematical model was derived (Han, 2006) based on the 
Fick's law. 
                  [9] 
The experimental results have been consistent with the mathematical modeling with a few 
discrepancies. The discrepancies may be due to two possible reasons (Zhang, 2007): (1) inaccuracies in 
the permeability values for H2 and O2, and (2) the steady state assumption neglecting the membrane 
thinning over time. However, the model proves the concepts of the theory; when the partial pressure of 
H2 is higher than O2, meaning the complete consumption of O2 occur first, Pt band is found and 
calculated to be close to the interface between cathode and the membrane, whereas in the case of 
higher O2 partial pressure, Pt band is found near anode (Zhang, 2007).  The same mathematical model 
can be applied for any operating conditions (Zhang, 2007). 
Effects of the relative humidity on Pt dissolution were studied by Bi et al (2009). It was observed that Pt 
dissolution was more severe under higher relative humidity (RH) than lower RH.  When the cell was 
tested with 100% RH compared to 50% RH, the amount of Pt loss was about 3 times higher, and the 
width of each electrode was about 1µm thinner (Bi, 2009).  The width of Pt band was about 0.2µm 
thinner for 100% RH experiment (Bi, 2009), but the RH did not seem to affect the position of the Pt 
band.  
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2.2.3.3. Decomposition Mechanism of PFSA Membranes 
 
The drain water is an important source for analysis of the chemical degradation taking place in the 
membrane, as it contains most of decomposed particles and compounds that are residues of chemical 
reactions. Typically, fluoride ions, sulfate ions, and low-molecular weight perfluorosulfonic acid can be 
found in the drain water from PEMFCs operation (Borup, 2007). In the cathode outlet gas, HF, H2O2, CO2, 
SO, SO2, H2SO2, and H2SO3 under OCV durability test have been found using the direct gas mass 
spectroscopy (Borup, 2007).  
The suggested cause to the formation of the impurities mentioned above is the decomposition of 
membrane due to radical attacks, which was mentioned in earlier section. The polymer at the end group 
sites are susceptible to the radical attack, and the decomposition is initiated (Borup, 2007). A example of 
the attack on an acid end group, e.g, -COOH, is shown in [10a] ~ [10c] (Curtin, 2004).  
Rf-CF2COOH + •OH -> Rf-CF2 + CO2 + H2O          [10a]   
Rf-CF2• +   •OH -> Rf -CF2OH + Rf-COF + HF          [10b]    
Rf-COF + H2O -> Rf - COOH + HF          [10c]    
Note that -COOH is regenerated at the end of [10c], indicating the unzipping reaction of the radical 
attack. Once one end group starts the decomposition, the reaction will continue until the complete PFSA 
unit is decomposed to HF, CO2 and low-molecular-weight compounds (Borup, 2007).  This mechanism is 
supported by the fact the "decomposition rate of model compounds without -COOH end group is 2-3 
orders of magnitude slower than those with -COOH end groups (Schiraldi, 2006)."  
Hommura et al. carried out durability tests of Flemion membrane and suggested that in addition to the 
unzipping reaction, main chain scission which produces vulnerable -COOH groups is involved in the 
membrane degradation mechanisms. It also has been suggested that the ether linkages are the most 
vulnerable site of the chains for radical attack (Schiraldi, 2006).  The durability under chemical 
degradation is generally evaluated as the total amounts of fluoride ions emitted in the solution (Curtin, 
2004). 
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2.2.3.4. Corrosion of Catalyst Support 
 
The catalyst support bolsters the platinum crystallites and provides electrical connectivity of the catalyst 
longer to the gas-diffusion media and bipolar plate. Catalyst support is made of carbon, and is subjected 
to degradation. As the durability of cell requires smaller tolerance to the decay, the carbon stability for 
the catalyst support has become an important issue.  
The general corrosion reaction of carbon in aqueous acid electrolytes is shown in [11] (Kinoshita, 1988).  
C + 2H2O -> CO2 + 4H
+ + 4e-   E⁰ = 0.207V          [11]    
Although the reaction shown in [11] is very slow, it can affect the long-term durability of PEMFCs. The 
major issue of carbon corrosion is that it will cause electrical isolation of the catalyst particles or lead to 
the agglomeration of catalyst particles (Borup, 2007).  These can result in a decrease in the 
electrochemical active surface area of catalyst (Borup, 2007). 
 As shown in [11], the carbon corrosion can be analyzed using the detection of CO2 and its intensity. 
Roen et al (2004) detected CO2 in the cathode exhaust gas while operating the cell under potential 
cycling and with humidified helium.  It was noted that the peak of CO2 concentration increased with the 
amount of platinum catalyst.  Mathias et al (2005) reported that the dependence of carbon corrosion 
current is on the potential, material, temperature, and time.  
One of the proposed mechanisms for the carbon corrosion is named "reverse-current mechanism". It 
states that the reverse-current creates a high potential sufficient for oxygen evolution accompanied by 
carbon corrosion. The mechanism is favored under conditions where hydrogen-rich regions and 
hydrogen-starved regions coexist in the anode chamber of a cell. As a result, the local corrosion in the 
region of the cathode corresponding to the fuel-starved region of the anode occurs (Oszcipok, 2006). 
The situation can be case at start-up of the system of shutdown process of the anode chamber, which 
will cause the degradation at cathode (Patterson, 2006).   
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2.3 Background for Experimental Methodology  
2.3.1. Polarization Curve 
Polarization curve is a trivial method to observe the fuel cell degradation. From the ageing process that 
causes fuel cell degradation, the power output of a cell, which is a product of its potential and current, 
decreases.  The potential of operating fuel cell with load can be expressed empirically as,   
V = Eeq - ηactivation - ηconcentration - iR          [12] 
V is the cell voltage, Eeq is the cell voltage at zero current (open circuit voltage - OCV), ηactivation is the 
polarization loss in activation of reactions at electrodes, ηconcentration is the polarization loss in the high 
current density region, and iR is the Ohmic loss through cell due to the resistance of cell body against 
the flows of electrons and protons.  
The theoretical OCV value, also known as Nernst potential, is about 1.23V at standard condition (T = 
273.15K, P=1bar, 1M of proton) (Yousfi-Steiner, 2008). The OCV is the measurement of equilibrium 
potential difference between oxygen reduction reaction (ORR) and hydrogen oxidation reaction (HOR). 
For a typical fuel cell, the OCV value is about 1V (Yousfi-Steiner, 2008).  
OCV value degrades over the time of operation and is a good indicator of membrane degradation. The 
OCV degradation can be due to a number of reasons, including the gas crossover through the 
membrane, the reaction between the catalyst and O2 or other impurities (Yousfi-Steiner, 2008),
  and 
higher activation loss due to high potential. Due to the fast degradation rate under OCV condition, OCV 
test is a popular test to observe the membrane degradation.  
The activation loss is generally higher at cathode than at anode, due to the sluggish ORR. The activation 
loss increases as the catalyst or ionomer which is in contact with it degrades (Yousfi-Steiner, 2008). The 
mass transport loss or the concentration loss comes from the limitations imposed on mass transfer from 
the supply channels to the sites where the reactions occur (Yousfi-Steiner, 2008). 
The concentration losses are significant at high current densities when the fuel cell is operating at its 
conventional physical condition with gas feeds (Yousfi-Steiner, 2008).  The concentration losses can also 
be results of an improper water management, an insufficient reactant feeds or a gas diffusion layer 
(GDL) contamination (Yousfi-Steiner, 2008).   
The Ohmic loss of the potential is due to the resistance of the entire cell component to the charge 
transfer (Larminie, 2003). The Ohmic loss, hence the resistance of the cell, is an intrinsic characteristic; 
24 
 
similar to the resistance of materials of electric components. The Ohmic losses can increase due to 
several reasons, such as membrane drying (Gorgun, 2006), membrane contamination (Cheng, 2007), 
intrinsic material properties, and thermal degradations (Cooper, 2006), or metallic bipolar plates 
corrosion (Yousfi-Steiner, 2008). 
The typical characteristics of polarization curve of a fuel cell is shown in Figure 2.  
 
Figure 2. Polarization Curve with Different Voltage Losses (Yousfi-Steiner, 2008) 
Figure 2 contains everything that was explained in this section. Veq(TH) represents the theoretical open 
circuit voltage, the Nernst potential, and Veq (OCV) represents the measured open circuit voltage. The 
figure also shows three different regions that represent different types of degradation mechanisms. 
Region I at low current densities is associated with activation losses and some degradation related with 
gas crossover, oxidation of the platinum, carbon or other impurities (typically cations dissolved from 
different parts of the cell) as well as the internal short circuit (Williams, 2005).  Regions II, at medium 
current densities, the losses from Ohmic resistance are added to the activation losses. One can note that 
the region II is almost linearly behaving and can be characterized with Ohm's law (V= IR), which is why 
the degradation in this region is called "Ohmic losses". In region III, the concentration polarization effect 
is added to the two previous effects and imposes significant impacts on the voltage losses (Yousfi-
Steiner, 2008).  Changes in the polarization curve with time provide the basic understanding of overall 
degradation response of a cell, and the performance of a fuel cell is often expressed either in terms of 
output current density at constant potential, or potential at a specific load drawn from the cell (Yousfi-
Steiner, 2008).   
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2.3.2. Impedance Spectrum (Frequency Response Analysis) 
Impedance spectrum enables a dynamic characterization of the fuel cell by applying a small AC 
perturbation signal to the system.  The signal is applied with voltage in potentiostatic  (constant voltage) 
mode, current in galvanostatic (constant current) mode. The frequency of signal typically ranges from 10 
KHz to 1Hz. The magnitude and phase of resulting signal are measured for each frequency and the 
impedance can be determined (Yousfi-Steiner, 2008).   
Impedance spectrum analysis is a very useful method since it can provide a sufficient data set from 
which many characteristic parameters of a fuel cell could be extracted (Yousfi-Steiner, 2008). In the 
words of an electrochemist, impedance spectrum is described as "A multitude of fundamental 
microscopic process take place throughout the cell when it is electrically simulated and, in concert, lead 
to the overall electrical response (MacDonald, 2005).”  For example, the electrolyte resistance, kinetic 
and mass transport polarizations within the fuel cell can be studied through impedance spectroscopy 
(Yousfi-Steiner, 2008).  However, an impedance characterization of a fuel cell is not used to reproduce 
all microscopic effects, but rather, is used to determine the fundamental properties and dominant loss 
factors of the fuel cell, and their correlation and dependence on controlled variables provided by the 
experimental conditions (Danger, 2006)-such as humidification, temperature, current density, and fuel 
composition.  The system typically used for the frequency response analysis, which was also used in this 
project, is represented in Figure 3 (Choi, 2006).  
 
Figure 3. Experimental Setup for frequency response analyzer (Choi, 2006)
 
To understand how the frequency response analysis works, it is typical to model the fuel cell with an 
equivalent electric circuit. The most basic electric circuit representation of a fuel cell is the DC electric 
circuit, as shown in Figure 4. Fuel Cell Representation as a DC electric circuit  
 Figure 4. Fuel Cell Representation as a DC electric circuit
There V_OCV represents the potential of open circuit when no current is drawn from the fuel cell, which 
in this case, was given the theoretical value. 
is assumed to be constant with current. Wh
and there will be a potential drop across the resistor. The output will be dependent on the value of 
and the current drawn from the source, and can be calculated si
Vo,with_load
However, constant-value resistor cannot fully represent the behavior of various potential losses within a 
fuel cell. A better representation can be modeled using an AC equivalent circuit.  Th
AC circuit that are used for fuel cell impedance modeling,
Impedance, and (4) Warburg Impedance.  An RC circuit is a simple time
composed of a resistor and capacitor connected in parallel 
Figure 5
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RP represents the overall cell resistance, which in this case, 
en a load is applied to circuit, the current will start to flow, 
mply by using the Ohm's law
 = Vo,no_load - iload*RP          [13] 
ere are four types of 
 (1) RC-circuit, (2) RLC-circuit, (3) Nernst 
-varying circuit which is 
Figure 5. RC circuit.  
 
. RC circuit representation of a fuel cell 
  
RP 
 in [13]. 
27 
 
The impedance of an RC circuit can be defined as  
 !"#$%   &'( !                  [14] 
The impedance of an RC-circuit describes a semi-circle in the lower complex half-plane called capacitive 
loop in Nyquist plot, as shown in Figure 6 (Danger, 2008).  
 
Figure 6. Impedance of RC circuit 
  
As frequency ω approaches zero, the impedance of the RC-circuit approaches the real axes, where the 
magnitude of the impedance is equal to R. As ω approaches infinity, the magnitude approaches zero.    
An RLC-circuit is consisted of an RC-circuit with an additional resistor and an inductor connected in 
series.  The equivalent circuit is shown in Figure 7.  
 
Figure 7. RLC Circuit representation of a fuel cell 
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The impedance of an RLC-circuit can be defined as, 
)*+,"-.%   */*0-.*/+*/ *0 -.*/*0+"-.%*/+           [15]       
The impedance for RLC circuit shows a second order (as shown in jω2 term) frequency response. The 
difference between the RC circuit impedance and RLC circuit impedance is that an inductive loop is 
added to the capacitive loop in the RLC circuit, as shown in Figure 8 (Mittal, 2007). The addition the 
inductive loop is shown in the lower frequency region, as the frequency approaches to zero.  
 
Figure 8. Impedance of RLC circuit 
The impedance expressions and circuit models for Nernst impedance and Warburg impedance are 
available in the literature (Danger, 2008).   
Typically, the impedance of a fuel cell can be modeled as an equivalent circuit with the series connection 
of the Ohmic resistor  R, two impedance Z1 and Z2 for the two arcs in the Nyquist plot (Danger, 2008), 
and an inductor L.  The total impedance is simply the sum of the individual component, as shown in [16].  
)1,"-.%   *  )2"-.%  )"-.%  )+"-.%                [16] 
As the frequency approaches to zero, the spectrum intercepts with the real axis, and the value at the 
interception gives the static resistance that is frequency independent; according to [16], this value will 
be equivalent to the sum of the magnitude of R, and the magnitudes of Z1, Z2, ZL as ω approaches to 
zero.  
The equivalent models for the fuel cell impedance commonly shares the components for the Ohmic 
resistance and the cable inductance; the differences in model comes due to the varying behaviors of the 
two arcs in the Nyquist plot, corresponding to different type of dominant impedance within a fuel cell. A 
model can be specifically designed for a given fuel cell, but it is common to use an existing model to 
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characterize the impedance by fitting the experimental data into the model. The fitting should be done 
such that minimized errors are obtained between the model and the experimental data.  
In this project, the impedance spectrum was taken using the frequency response analyzer (FRA) 
software, over a frequency range of 10 KHz to 0.1Hz. The amplitude input was calculated based on the 
empirical formula for the software. Nyquist plot was automatically created by the software.  The data 
was evaluated over 50 different points within the range of frequency.  
Once the data was obtained, it was fitted against a model using macro enabled Microsoft Office Excel 
model. The fitting process was done by minimizing the difference between the experimental data and 
the model [17].  
343356   7"6896:364/; <=>6;%               [17] 
First, the values were adjusted manually by trial and errors, and the built in program was applied to get 
results with minimum errors. The points in the high to middle frequency region were fitted to actual 
data to find the values of the Ohmic resistance, charge transfer resistance in the anode, cathodic 
capacitance, anodic charge transfer resistance, and anodic capacitance. The points in the middle to low 
frequency region, with overlap in the middle frequency range, provided the fitted values for cathodic 
diffusion resistance. The last process requires for the data in the entire frequency range to be fitted, 
finalizing the optimization. If the fit of the model plot to the actual plot was unsatisfactory, the process 
was repeated.  
2.3.3. Ion Chromatography 
The fluoride emission rate (FER) obtained from chromatography of fuel cell effluent water is used widely 
as a quantitative indicator of the membrane degradation rate.   
Generally, the membrane degradation mechanism is classified into two submechanisms (Mittal, 2007).  
The first one is the formation of membrane degrading species, such as active oxygen radicals, and the 
second one followed by the membrane attack of those species.  For Nafion-based membrane, the most 
commonly known mechanism is H abstraction by the radicals from the reactive end groups in the 
polymer, e.g.,-COOH, leading to membrane decay (Curtin, 2004).  
There are two possible degradation mechanisms that can occur during oxidative attack (Lawrence, 
2008). The first suggested mechanism is "detachment of the sulfonic acid groups" as shown in Figure 9. 
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The performance degradation can be linked to the loss of sulfonic acid groups, but the exact process of 
the degradation mechanism is not clear.  
 
Figure 9. Detachment of the Sulfonic Acid Groups (Lawrence, 2008) 
The second suggested mechanism, which is quite frequently referenced, is the polymer chain scission 
[18a]~[18c]. The chain scission can cause the stability and cell lifetime issues (Lawrence, 2008). 
Rf-CF2COOH + •OH -> Rf-CF2 + CO2 + H2O          [18a]     
Rf-CF2• +   •OH -> Rf -CF2OH + Rf-COF + HF          [18b]    
Rf-COF + H2O -> Rf - COOH + HF          [18c]    
In the reaction mechanisms shown in [18a]~[18c], the membrane degradation is not influenced by the 
presence of sulfonic acid group in the side chain. However, Mittal et al (2007) observed that the FER 
changes by two orders of magnitude upon change in -SO3H groups to -SO3M (from ion exchange with 
alkali metals such as Na, Cs, or Li) and suggested that sulfonic acid groups may be key to the radical 
attack mechanism. Mittal also implies the possibility of both -SO3H and -COOH groups can be ion-
exchanged to their respective alkali metal forms and the effects of -SO3H and -COOH upon ion 
exchanges on FER are inconclusive. Also, studies have found different results in the experiments for the 
relationship between FER and -COOH concentration; one suggests that FER is proportional to the -COOH 
end group concentration, whereas the other suggests that FER is nearly independent of the -COOH 
group concentration (Kundu, 2008)  
For the various scenarios to the membrane degradation mechanism, FER provides important 
information to derive the possible mechanisms under different test environments.  Proposing chemical 
mechanism based on FER under dynamic load cycling may be out of scope of this project, but it provides 
the data that can measure the degree of the degradation and imply the possible degradation paths 
taken.    
31 
 
2.3.4. Transmission Electron Microscopy 
Microscopy analysis of the membrane after experiment provides most physical and apparent evidence 
of the degradation. In microscopy, Pt-band formation and location, Pt particles dissolution, the thickness 
of electrodes as well as the membrane can be analyzed and aid the understanding of the degradation 
process and its implication with other experimental results.  
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3. Methodology 
The experimental procedure for this project was very simple, thanks to the computer – embedded 
automatic control system. Except for the dynamic cycling of the current density, all experimental 
condition was maintained constant.  The current density was cycled between 0.02A/cm2 (low load 
condition, 0.88 ±0.005V) and 0.54 A/cm2 (nominal condition, 0.63 ±0.005V), which could be controlled 
easily using a computer program.  The temperature of the fuel cell was kept constant at 65 ±0.5°C, the 
back pressure of electrodes at 0.6 ±0.03 bar, and the temperature of humidifier at 57 ±0.5°C, which 
maintained the humidity of air at 70% as it entered the assembly.  Dry hydrogen was used for this 
project. The polarization curve was monitored throughout experimental duration, and the result was 
saved at the end of each experiment. Impedance spectroscopy was analyzed after obtaining the 
polarization curve data, which was also done using a computer program. After impedance spectroscopy 
is completed, the water at the each electrode was collected and saved in the polyethylene vial. The 
water sample was weighed and tested for PH value, and kept to be used for chromatography analysis.  
3.1. Equipment 
The equipment we used in this project was no different from typical fuel cell set up. However, with very 
little experience with fuel cell operation and steps involved in using the software program, we had to 
learn quickly to adjust to the method of operation. In this section, the usage of the fuel cell bench with 
software and the controller are discussed step by step. The fuel cell bench used in this project is shown 
in Figure 10.  
 
Figure 10. Fuel Cell Lab Bench, LSGC, ENSIC, France 
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Figure 11. The Side View of MEA 8, LGSC, ENSIC, France 
3.1.1. Gas Supply, Control and Treatment 
For the fuel cell system we used, pure hydrogen was supplied to anode and air (21% oxygen) was 
supplied to cathode.  The air flow was humidified at 57 °C in order to maintain 70% relative humidity. 
Although it is known that the better operation can be achieved at 100% relative humidity, the previous 
experiments conducted at the same bench showed that the flooding occurred when the relative 
humidity was higher than 70%, so the temperature of humidifier was strictly kept at 57 ±0.5°C. 
The stoichiometric coefficient was pre-determined in order to provide the system with appropriate fuel 
flow rate. Stoichiometric coefficient of 1 gives the exact flow rate necessary to provide the target 
current density. In our experiment, the coefficient was fixed at 3,e.g., 3 times higher flow rate to 
produce the target current density,  for both hydrogen and air flow ; lower stoichiometric coefficient 
was not used in order to keep the 0.6bar pressure of each electrode. However, later the system was 
having problem with gas compressor for the hydrogen and we actually had to increase the 
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stoichiometric coefficient to 7.  Although this was not the most fuel-efficient way to conduct the 
experiment, given the limited time, we could not wait for the compressor to be fixed.  
The schematic for the overall system is shown in Figure 12.  
 
Figure 12. Schematic for Fuel Cell System 
3.1.2. Electrochemical Control System  
The major data acquisition was done using computer software. AUTOLAB® system was used for 
controlling the current load on fuel cell and performing impedance spectroscopy. The AUTOLAB® 
software is consisted of two programs, the General Purpose Electrochemical System (GPES) and the 
Frequency Response Analyzer (FRA). GPES was used to obtain the polarization curve of each experiment, 
and FRA was used for the impedance spectroscopy of each experiment. The detail of the use and 
operation will be discussed in the Preliminary Experimental Work section, section 3.3. The AUTOLAB® 
and the fuel cell was connected using the fuel cell controller, which could control the on/off the 
operation. The overall system configuration is shown in Figure 13.  
 Figure 13. The Computer Embedded Control System
 
A current amplifier was used in order to overcome the limits imposed by the software. Addition of the 
current amplifier added a small resistance to the system, which results in offsets in reading the values 
from the software program. A voltmeter was used t
3.1.3. Membrane Electrode Assembly (MEA) 
Tests were made with a single 25 cm2 cell from Hélion (Aix en Provence, France) operated at 70°C and 
1.6 bars. The design of the bipolar plates, supplied by Hélion, is 
consisted of a regular serpentine, with a cross section around 0.7 x 0.7 mm
Hélion was formed from an 18 µm fluorosulfonate polymer cation exchange membrane and two carbon
based electrodes 10 µm thick. The platinum charge was supplied by a 40 wt% Pt suspension. Gas 
diffusion layers were macroporous sheets 350 µm thick. 
 
3.2. Experimental 
3.2.1. Preliminary Experimental Work
When we arrived at ENSIC, France, on January 13th
was 8th MEA to be tested in LSGC. We were told that the 7
reason, so it was sent back to the manufacturer for the analysis. It is not certain yet whether it was the 
software failure or the actual degradation that had caused the membrane to stop functioning. 
Since the MEA was newly purchased, it was important for us to stimulate the cell first in order to have it 
operate at its normal capacity. For this reason, the actual current 
3rd, and the response of cell was tested from January 30
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o obtain more accurate reading of the data.  
 
confidential (nevertheless, the pattern 
2). The MEA also supplied by 
 
 
, 2009, the lab just had just purchased a new MEA.  It 
th MEA ceased to operate for no apparent 
cycling was not applied until February 
th until the end of the project with varying 
 
-
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current, starting at 0.12A/cm2 to 0.88A/cm2. The data for each experiment with its current, duration, 
and the weight of the water produced are tabulated in APPENDIX A.  The duration was different for each 
experiment, and was determined by the time that the fuel cell takes to stabilize its potential response to 
the current imposed. The stimulation process was followed by polarization curve acquisition and 
impedance spectroscopy. 
3.2.2. Experimentation with Dynamic Cycling Load  
The experiment with dynamic cycling load began on February 3rd, 2009. In order to prevent the abrupt 
damage to the fuel cell, we started with short duration for the low loading, and increased the duration 
daily. First experiment, we imposed 0.02A/cm2 (0.88 ±0.005V) for two hours, then four hours, then 
eventually we impose half day of 0.02A/cm2 current density, and half day of 0.54A/cm2 (0.63 ±0.005V), 
the current density for nominal condition.  
3.2.3. .Polarization Curve 
3.2.3.1. Developing Fitting Equation for Polarization Curve  
Empirical fuel cell model is a useful tool to reproduce the raw fuel cell performance data. Although, 
empirical models often demonstrate limited performance prediction capability, it is still used widely for 
their fast, robust, and easy calibration (Fraser, 2007). The empirical fuel cell models enable the facile 
stimulation of the cell output potential corresponding to a specific current density.  The work presented 
here extensively follows the modeling work done by Fraser and Hacker (Fraser, 2007).  
There are a number of empirical fuel cell polarization curve model available in the literature, and we 
extracted four fitting equations from the literature (Fraser, 2007), which are presented below.  
?@ABB  ?C,E < FE log"#% < JE# < KE exp"NE#%               [19a] 
?@ABB  ?C,O < PQRS "T%RS "&C% < JO# < UO#Eln "1 < X#%               [19b] 
?@ABB  ?C,Y < FYln "j% < JY# < UYln "1  ''[ \]"&
^^
[%%               [19c] 
?@ABB  ?C,B < FB log"#% < JB# < KB exp"NB#% < FBlog " __`a%               [19d] 
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The four equations in [19a]~[19d] show the similar formats, with parameters that each represent the 
different type of impedance within a fuel cell operation; the fitted parameters include a constant cell 
voltage fitting parameter, a logarithmic term representing the charge transfer overvoltage, a linear term 
representing the Ohmic overvoltage, and one or two additional terms for the non-Ohmic overvoltage 
due to mass and species transport limitation (Fraser, 2007).  The fitting parameters (m and n) for the 
exponential form is not based on the empirical characteristics of a fuel cell, but rather, serve as  the 
fitting parameters for the slight exponential behavior of voltage drop at higher current densities (Fraser, 
2007).  For the scope of this project, the non-Ohmic overvoltage term due to mass and species transport 
limitation will not be included. For this project, the model modified by Fraser and Hacker  (Fraser, 
2007)was used, which is shown in [20].  
?@ABB  ?bAc < F log d''efg'h i < J# < K exp"N#%               [20] 
Erev is the reversible potential, which is the potential measured at equilibrium on the working electrodes 
(Definition of Electrode Potential, 2009), which can be calculated using the Nernst Equation shown in 
[21] (Mench, 2008),  
?"j, k%   lm°"o%pq   ropq ln sd
tut° i
vudtwt° i
vw
dtxt° i
vxdtyt° i
vy  z              [21] 
which was developed based on the following generic redox reaction for a fuel cell.  
ν|A  ν~B   νC  νD             [22] 
P° is a reference pressure, which is 1 atm. However, for water, the partial pressure of the vapor cannot 
exceed the saturation pressure (Mench, 2008), so the reference pressure is equal to Psat, which can be 
calculated using Antoine’s equation. Using  [21], Erev will be 1.229V in the fuel cell operation where pure 
hydrogen and oxygen fuel were used at standard temperature and pressure. To integrate our 
experimental conditions (70% RH for air flow, operating temperature at 65°C), the modified equation for 
the reversible potential was used [23] (Thampan, 2000). 
?bAc  1.229 < 0.0009"j < 298%   oq lnka ka              [23] 
T is the fuel cell temperature in Kelvin, R is the universal gas constant of 8.314 J/(mol K), F is Faraday’s 
constant of 96,485 (C/mol electrons), PH2 is the partial pressure of hydrogen at the anode in atm, and PO2  
(Thampan, 2000) is the partial pressure of oxygen at the cathode in atm. For each operation, the relative 
humidity and the fuel cell temperature was kept constant, so the partial pressure of each inlet flow is 
assumed to be constant, at 0.6 bar.  
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Jint refers to the internal current density, which is a form of loss in potential due to internal activities 
happening in a fuel cell. Internal current can be induced by either fuel crossover or the internal 
movement of electrons produced at the anode, instead of flowing through the outer circuit (Mench, 
2008) . In the present report, Jint was treated as the parameter which represents both the internal 
currents and the fuel crossover, because the effects from these two phenomena are essentially the 
same (Mench, 2008). Jo refers to the exchange current density, which describes the rate of oxidation or 
reduction at an equilibrium electrode in terms of current density.  In the present modeling, JO is used to 
describe the activation polarization phenomenon due to the difference in the reaction rate at each 
electrode, and was treated as another parameter.  The modeling was implemented in the optimization 
environment of GAMS (General Algebraic Modeling System) using the mean square fitting method. The 
GAMS codes can be found in APENDIX B.  
3.2.5.2. Obtaining Polarization Data Using Software GPES 
The polarization curve was obtained in two different formats; (1)in the form of time plots which enabled 
us to constantly monitor the change in potential over time, (2) in the form of Excel file. The data was 
saved with a file extension .oxw, and each data was saved accordingly with the date on which the 
experiment was performed. The imported potential data was corrected for the resistance corresponding 
to the imposed current, using the macro enabled Excel. The plot of potential as a function of time was 
also created using the macro enabled Excel.  The maximum duration allowed for software record is 
500,000 seconds, which is approximately 140 hours.  
3.2.6. Impedance Spectroscopy 
3.2.6.1. Fitting experimental data to a model  
The impedance data was taken using FRA Software in conjunction with an Eco Chimie Autolab 
potentiosat, which preformed galvanostatic impedance measurements over a frequency range of 10 kHz 
to 0.1 Hz. The resistances illustrated (Figure 14) through the impedance spectrum are based on an 
equivalent electric circuit in which the starting point of the plot represents the Ohmic resistance present 
in the system, the diameter of the first curve is representative of the cell’s resistance to charge transfer 
in the cathode and the second curve represents the resistance to diffusion.  
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Figure 14. Equivalent Electric Circuit for Impedance Spectroscopy (Franck-Lacaze, 2009) 
First, an amplitude input was calculated for the applied load to be tested. The system was then 
evaluated at 50 points and the resulting data points were exported for analysis. An impedance graph 
was created by plotting the imaginary part of the Nyquist function, Z’’/ohm, as a function of the real 
part, Z’/ohm. The plots for each run of nominal conditions and of low loading conditions were compared 
visually first in order to recognize any obvious changes in or migrations of the plot as the experiment 
progressed. The data points were also evaluated using a model programmed in Microsoft Office Excel in 
order to approximate the values of the different resistances within the fuel cell. 
 
The Microsoft Office Excel model consisted of Bode plots and a Nyquist plot, and the aim was to fit the 
model plots to the actual data as closely as possible. The values were adjusted manually, then run 
through the program. First, the points associated with the high to middle frequencies were fitted to 
actual data to find the values of the Ohmic resistance, charge transfer resistance in the cathode, 
cathodic capacitance, anodic charge transfer resistance, and anodic capacitance. Next the points for the 
middle to low frequencies were fitted, with overlap in the middle frequency range, producing values for 
cathodic diffusion resistance. Finally all of the data points were fitted together to achieve higher 
accuracy. If the fit of the model plot to the actual plot was unsatisfactory, the process was repeated until 
better results could be achieved. 
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Given an impedance analysis with the FRA software, the data was input into an excel spreadsheet where 
it was plotted on the same graphs as the model curve. There were three plots, one with the Nyquist 
function, one of the Bode plots, and one of an enlarged view of the first portion of the Nyquist plot, for 
more accurate fitting. The plots were first adjusted manually. Considering the starting point of the curve, 
if the model Nyquist plot and the data were not aligned, the Ohmic resistance value of the model was 
adjusted. The value was lowered to shift the model plot leftward and raised to shift it to the right.  At 
times there were a few phantom points at the beginning of the data plot which make an initial 
downward curve. These were not considered as they are due noise during the impedance analysis. 
The next value considered was the charge transfer resistance. This value affected the diameter of the 
first loop in the model Nyquist plot. The value was lowered to make the distance between the start of 
the curve and the end of the first loop smaller, creating a more oblong shape or raised to yield a larger 
distance and a more circular loop. Once that fit was resolved, the cathodic capacitance and nc were 
adjusted. They represent the height of the first curvature and the point distribution in it, they were 
considered together, because small changes in one of these parameters affect large repercussions in the 
other, so they are very delicate.  The parameters were readjusted as many times as necessary if the 
result of the fitting of another parameter affected their accuracy. 
The next two parameters involved in the fitting process, Rd,c and Td,c, are associated with the low 
frequency output range and affected the second loop of the plot. The value for diffusive resistance in 
the cathode changed the angle between the first and second curvatures in the model plot and therefore 
the height of the second curvature. The value was reduced in order to decrease the presence of the 
second curvature during fitting, as was necessary with the impedance spectra fitting of the 0.02 A/cm2 
runs which are basically single loops and have Rd, C values of zero or almost zero. The Td,c parameter was 
adjusted to increase or decrease the diameter of the second loop. 
In the next stage of the fitting process, the solver in Microsoft Excel was utilized in order to achieve 
more precise fit of the model curve to the actual data. First a summation of the considered upper to 
mid- range frequency outputs, a summation of the mid to low frequency outputs, and a summation of 
the entire range of considered frequency outputs were taken. The term “considered frequency outputs” 
is being used because the data from the phantom points at the start of the curve are not included in 
these values. Then using the solver on the high frequency output values, the target value to be 
minimized was set as their summation and the cells containing values for Ohmic resistance, charge 
transfer resistance in the cathode, cathodic capacitance, and nc as well as anodic charge transfer 
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resistance and capacitance were selected as the values to be adjusted by the solving process which 
basically guesses all values referenced in the summation in the target cell. This made all of the values for 
first loop of the model fit to the actual data curve. The same was done using the low frequency 
summation as the target to be minimized and the diffusion resistance and Td, c as the values to be 
adjusted so that the values for the second loop of the model correlated with the experimental curve. 
Finally, this process was repeated once more with the summation of all of the considered frequencies as 
the target and including all cathodic parameters as values to be adjusted. This usually produced a graph 
in which the model function was well aligned with the actual data function. If the fit was not satisfactory 
after all of the steps were completed, the fitting process was started from the beginning and the cells for 
anodic charge transfer resistance and capacitance was included in the final solver run. 
 
3.2.7.Ion  Chromatography 
Model ICS 3000 by Dionex was used for the present project.  This model was capable of the multi-
dimension injection, so instead of one sample, 100 samples could be analyzed at each operation of the 
device. The information of each sample was manually entered, as the computer could recognize the 
position of each sample injected.  Water was located at the first three positions, in order to rinse out 
any impurities that might have remained from the previous operation.  The next four positions are filled 
with fluoride samples at different concentrations (0.5, 1, 2, 3 ppm), followed by another injection of 
water before entering different samples. After the water injection, carbonate and sulphide sample are 
injected in analogous way as the fluoride samples. These samples at different concentrations are 
injected to serve as the reference to detect the three ions (fluoride, carbonate, and sulphide) in the 
water samples produced by the fuel cell.  The samples were prepared in 1 ml plastic vial, and each 
sample was run through a small filter in order to minimize the concentration of impurities.  The location 
of water sampled was arranged in the order of the least to the most recent experiment. The fitting 
results based on calibration with the ion samples are provided by the software program, and an example 
is shown in Figure 15.  
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Figure 15. The Calibration Correlation Result from March 6th, 2009 Analysis 
The data shown in Figure 15 displays a very good fit with ion samples and our water samples, with 
average matching of 99.79 %.  However, the device could never properly analyze the concentration of 
carbonate, and the results for carbonate ion had very small signal to noise ratio and produced negative 
concentration – hence carbonate ion chromatography was not used in the chromatography analysis.  
In ion chromatography, there are two parts to consider for the components analysis; the height of peaks 
and the area of peaks.  The magnitude of a peak height, measured in unit of µS, is unique to each ion, 
and increase proportionally with the concentration; for example, the peak of 0.5 ppm fluoride ion 
sample was 2.67 µS, 5.51 µS for 1ppm, 11.14 µS for 2ppm, and 16.44 µS for 3 ppm sample.  The area of 
each peak is calculated by the software using the height (µS) and the retention time (min) of the peak, 
and is used to quantify the concentration of a specific ion in the sample, in mg/L.  The calculation for 
quantifying the concentration of an ion is based on the relationship between the concentration of the 
ions and conductivity. Conductivity of a solution is directly proportional to the concentration, the 
magnitude of ion charges and the conductivity coefficient which is a material parameter. Using this 
relationship and area under the peak, the quantity of a species in the solution can be calculated. Since 
there present noises within the signal, two conditions are imposed to validate the information from 
chromatography. For identification of a species, the signal to noise ratio needs to be greater than 3, and 
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for the quantification, the ratio needs to be greater than 10. All the values – the retention time, area of 
a peak, magnitude of a peak, concentration of an ion, and the signal to noise ratio – are calculated by 
the software program and the summary of the results can be exported to Excel.  When the data was 
exported to Excel, each peak was manually corrected for more accurate retention time.  Figure 16 shows 
an example of peaks observed in the result of chromatography.   
 
Figure 16. Peak of Fluoride in C_OCV_9_3 Sample 
The blue line in the peak in Figure 16 shows where the boundary of the retention time was manually 
corrected. The data was used to plot the evolution in the change of ion concentration, in order to derive 
correlation between the membrane degradation and ion released from each experiment.  
 3.2.8. Transmission Electron Microscopy 
We were unable to complete the microscopy analysis while we were in France, so the results of analysis 
were later sent to us by Dr.Franck-Lacaze at ENSIC.  The procedure of analysis described here was kindly 
explained by Dr.Franck-Lacaze to us by email.  
Cross-sectional observations of the MEA were carried out by TEM; the TEM device used was CM20 TEM/ 
STEM 200kv equipped with EDS. For TEM analysis a small MEA sample was embedded in epoxy resin 
before the sectioning process using an ultra-microtome supplied with a diamond knife.  
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 The slice sample which is about 110-220nm thick was mounted on a copper grid for TEM analysis: 
higher magnification is allowed by this technique, and morphology and repartition of the Pt particles in 
the various layers of the MEA, could be observed. (Franck-Lacaze, 2009) 
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4. Result and Discussion 
The main objective of this project was to obtain and analyze the raw data from different experiments to 
study the degradation of membrane in a PEM fuel cell. In this section, we introduce the experimental 
results and discuss the results in comparison with theoretical expectations and literature backgrounds. 
The results are presented in the order of; polarization curve, impedance spectroscopy, ion 
chromatography, and microscopy.  
4.1. Polarization Curve 
The fitting equation for the polarization curve was developed in section 3.2.5.1. The purpose to develop 
the fitting equation was to develop a mathematic al expression that can aid the prompt and facile 
understanding of polarization curve behavior. The result of parameters optimized using GAMS is shown 
in Table 2, 
Table 2. Model Parameters Result 
B Jint R m f J0 
0.134 1.928E-6 0.200 -0.568 7.421E-7 2.836E-8 
 
where b is the parameter for charge transfer overvoltage, Jint for internal current, R for Ohmic 
resistance, m and f for high current voltage loss, and Jo for exchange current. The plot created using the 
fitting parameter equation and obtained from the experiment is shown in Figure 17.  
 
 
Figure 17. Polarization Curve: Model VS Experimental 
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The change in the nominal condition was observed, after starting the potential cycling in February 3rd, 
2009. The initial potential response under nominal condition with current density of 0.54 A/cm2 was 
0.627V, and the last potential response we measured under nominal condition was 0.451V, with total 
power density drop of 56.69mW/cm2.  This many not seem to be significant, but it is important to note 
that drop is for a single cell, so for applications where multiple cells in a fuel cell are required, the 
voltage drop can be quite a problem. The overall voltage drop over the entire experiment duration is 
shown in Figure 18. 
 
Figure 18. Change in Potential for Nominal Condition 
The change in the potential for low load (0.02 A/cm2) was also observed. The initial potential response 
at 0.02A/cm2 current density was 0.878V, and the last measurement 0.527V.  The potential drop over 
the experiment duration was higher by 20% under 0.02A/cm2 condition. It was expected that more 
severe degradation would be observed under low current density, especially for value that is chosen to 
represent open circuit voltage condition.  
 
4.2. Impedance Spectroscopy 
 
Modeling of the impedance spectra using fitting process described in section 3.2.6.1 yielded quantitative 
results which allowed for the tracking of the different parameters over the course of this experiment. 
Experimental data below appears to show an overall increase in the resistances modeled.  As was 
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expected, the greatest permanent change in resistance occurred during low loading conditions of 0.02 
A/cm2. 
Table 3. Impedance Spectroscopy Result 
Run Name Rohm Rct, c Qc nc Rd, c Td, c Rct, a Qa na
030209B- nom1 6.88E-03 7.24E-03 1.06E+00 9.14E-01 1.94E-03 1.76E-01 1.21E-03 5.94E-01 9.00E-01
040209B- nom2 6.90E-03 7.83E-03 1.11E+00 8.91E-01 1.91E-03 1.76E-01 9.05E-04 6.65E-01 9.00E-01
050209B- nom3 7.06E-03 8.73E-03 1.20E+00 8.79E-01 1.94E-03 1.87E-01 8.41E-04 6.56E-01 9.00E-01
060209B- nom4 1.20E-02 1.04E-01 8.00E-01 8.82E-01 0.00E+00 1.82E-01 1.34E-03 6.52E-01 9.00E-01
060209F- nom5 7.31E-03 9.52E-03 1.31E+00 8.61E-01 1.71E-03 2.06E-01 7.70E-04 6.59E-01 9.00E-01
090209B- nom6 7.32E-03 9.82E-03 1.36E+00 8.49E-01 1.63E-03 2.08E-01 6.70E-04 5.95E-01 9.00E-01
100209D- nom7 7.34E-03 1.07E-02 1.52E+00 8.33E-01 1.88E-03 2.98E-01 6.56E-04 5.61E-01 9.00E-01
110209D- nom8 7.47E-03 1.02E-02 1.50E+00 8.40E-01 1.69E-03 2.17E-01 6.61E-04 5.60E-01 9.00E-01
130209B- nom9 7.64E-03 1.02E-02 1.47E+00 8.49E-01 1.82E-03 2.37E-01 6.63E-04 5.60E-01 9.00E-01
130209F- nom10 7.68E-03 1.02E-02 1.44E+00 8.52E-01 1.92E-03 2.51E-01 8.56E-04 3.47E-01 9.00E-01
170209B- nom11 7.60E-03 8.43E-03 1.10E+00 9.40E-01 2.61E-03 2.22E-01 1.11E-03 1.32E+00 9.00E-01
200209C- nom12 7.70E-03 8.17E-03 1.07E+00 9.65E-01 2.86E-03 2.19E-01 1.33E-03 1.29E+00 9.00E-01
240209D- nom13 6.87E-03 1.32E-02 1.38E+00 9.03E-01 2.75E-03 2.33E-01 7.30E-04 5.77E-01 9.00E-01
 
Run Name Rohm Rct, c Qc nc Rd, c Td, c Rct, a Qa na
030209D- ocv1 1.07E-02 9.35E-02 8.70E-01 8.85E-01 4.71E-05 1.85E-01 1.20E-03 6.46E-01 9.00E-01
050209D- ocv2 1.31E-02 1.06E-01 7.95E-01 8.75E-01 0.00E+00 1.96E-01 1.27E-03 6.63E-01 9.00E-01
060209D- ocv3 1.20E-02 1.04E-01 8.02E-01 8.81E-01 2.24E-05 1.97E-01 1.44E-03 6.53E-01 9.00E-01
100209B- ocv4 1.31E-02 1.11E-01 7.46E-01 9.18E-01 0.00E+00 2.53E-01 5.08E-03 8.87E-01 9.00E-01
110209B- ocv5 1.37E-02 1.13E-01 7.45E-01 9.20E-01 0.00E+00 2.50E-01 5.71E-03 8.44E-01 9.00E-01
120209B- ocv6 1.40E-02 1.13E-01 7.33E-01 9.44E-01 4.40E-04 2.53E-01 8.29E-03 8.27E-01 9.00E-01
130209D- ocv7 1.42E-02 1.12E-01 7.94E-01 9.21E-01 6.22E-05 2.03E-01 6.06E-03 1.01E+00 9.00E-01
190209B- ocv8 1.28E-02 1.12E-01 6.89E-01 9.57E-01 2.24E-05 2.03E-01 5.37E-03 6.99E-01 9.00E-01
260209B- ocv9 1.91E-02 1.38E-01 3.80E-01 9.14E-01 0.00E+00 2.66E-01 3.10E-03 1.02E+00 9.00E-01
 
Figure 19 in the next page shows the progression of the impedance spectra from week one to 
week four. The degradation is clear as the graph increases in magnitude as well as shifts to the right.  
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Figure 19. Weekly Progression of Nominal Load  Impedance 
 
There is some discrepancy between the model results and the experimental results shown in Figure 19, 
as it is clear that, while  the plot for week 4 has migrated back to the left, it does not pass the x intercept 
for the plot of week 1, so its associated Ohmic resistance value should be greater than that of week one. 
The numeric data shows an Ohmic resistance of 6.87*10-3 for week 4 and 6.88*10-3 for week one. This 
could be the result of the fact that different numbers of initial points are used in the fitting process for 
each graph due to the initial down ward curve which is not counted and which is different for each 
graph. 
 
The migration of the week 4 plot back to the left can be associated with the voltage recovery that takes 
place when a fuel cell is run on a high load for extended periods of time. These phenomena did occur 
during the final nominal run in week 4 for which impedance responses were able to be collected.  
As for the plots of the 0.02 A/cm2 load conditions, the result is more straight-forward. There is a large 
initial increase in Ohmic resistance from the first low load run to the second, followed by small 
fluctuations along the course of experimentation and a final large leap in Ohmic resistance in the final 
low load run before voltage cannot be registered in the nominal conditions. 
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The charge transfer resistance increases with each run, and the diffusion is either close to or zero for 
nonexistent for the low loading runs as there is no second arc in any of the graphs. This is because the 
0.02 A/cm2 runs were conducted with flows far in excess of what was necessary. The results of weekly 
low load impedance are presented in Figure 20.  
 
Figure 20. Weekly Progression of low load impedance 
For an overall view of the trends in resistance throughout the entire experiment, they have been plotted 
for the nominal and low load conditions of each case, shown in Figure 21. 
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Figure 21. Ohmic Resistance Increase for Nominal Condition 
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The Ohmic resistance increases fairly linearly with consecutive nominal runs, with the last recorded 
nominal run showing a decrease.  Because of this, the overall change in Ohmic resistance is a 0.15% 
decrease in resistance from the first to the last runs. The resistance increase prior to voltage recovery 
was 12%. For the charge transfer resistance, a more extreme increase was seen from first to last runs 
despite the voltage recovery. The overall increase for the activation resistance was 82%. Similarly, the 
overall increase in diffusive resistance from the first to the last runs was 42%. 
 
The results from the low load runs also show and upward trend as the experiment progressed (Figure 
22). 
 
 
Figure 22. Ohmic Resistance Increase for low loading condition 
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load runs showed some sign of recovery in their last recorded impedance spectra, the low load had 
significant jumps in resistance. The low load pattern of large increase in resistance followed by 
fluctuations and another large increase before failure can be detected more clearly in Figure 22. 
 
Figure 23. Diffusion Resistance for Low Load Condition 
 
The plot for diffusion resistance for the low load will be considered separately (Figure 23). It is set in the 
scale of the lowest order of magnitude calculated for any of the other resistances in order to reinforce 
visually the virtual absence of a diffusion resistance for the 0.02 A/cm2 runs.  
 
4.3. Ion Chromatography 
The concentration [mg/l] of fluoride ion and sulphonate ion was measured using the ion 
chromatography analysis.  The summary of data obtained directly from the chromatography analysis can 
be found in APPENDIX C.   In this section, only the results which qualify with high signal to noise ratio are 
presented. The results are plotted in chronological order to study the evolution of change in 
concentration at each electrode.  
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Figure 24. Fluoride Concentration in Effluent Water 
x-axis: Experiment Index 
y-axis: Concentration (mg/l) 
 
It is easily noted from Figure 24 that the concentration of fluoride ion is higher at the anode than at the 
cathode. Especially in the third low current density experiment (OCV 3), the fluoride ion concentration is 
about 200% more at the anode than at the cathode. The concentration difference at anode and at 
cathode appears to be higher while the current cycle was at 0.02A/cm2 than when it is at 0.54 A/cm2. In 
fact, for the nominal condition with 0.54 A/cm2, the ion concentration at the each electrode shows 
almost no difference.  The concentration reaches its peak values in the middle of the course of 
experiment.  
Higher concentration found at the anode than at the cathode was somewhat counterintuitive. It is 
generally understood that the chemical degradation starts taking place in cathode, and once cathode 
side is degraded at certain level, the degradation starts happening at anode (Kundu, 2008).  Kundu et al 
(2008)  found in his OCV test with GoreTM PRIMEA membrane that the higher fluoride concentration was 
found from the water collected at cathode, and elaborated in detail of the proposed mechanism for the 
reason.  Kundu et al(2008) explained that fuel crossover within the membrane is one of the main causes 
to induce the chemical degradation, and hydrogen having 2.6 times higher diffusion coefficient at their 
experimental condition results in more hydrogen to crossover from anode to cathode.  
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In our case, a  number of different reasons could have affected this outcome. Over the duration of this 
project, two systematic problems were faced; one was power shortage problem in the lab, which 
occurred three times in a day; the fuel cell had to be shut off, and when resumed, the open circuit 
voltage response was lower than its usual value. After the power shortage, our MEA was having trouble 
with maintaining the desired anode backpressure, when no fuel leakage was observed with the system. 
The fourth experiment index shown (3A) in Figure 25 was the experiment done right after the power 
problem, with current density of 0.12A/cm2 . After the power problem, the gas compressor had 
mechanical failure; although the problem was not major, the experiment had to be conducted with fuel 
stoichiometric coefficient of 7 in order to maintain the desired pressure for each electrode.  
 
Figure 25. Sulphonate Ion Concentration in Effluent Water 
x-axis: Experiment Index 
y-axis: Concentration (mg/l) 
 
Figure 25 shows the evolution of sulphonate ion concentration over the project duration. Just as in the 
results for fluoride ion chromatography, the sulphonate ion concentration was found to be higher at 
anode than at cathode, with a few exceptions.  It is interesting to see that high concentration of 
sulphonate ion was released at the very beginning of experiment, while the stimulation operation to 
obtain stabilize polarization curve for the new fuel cell was being conducted.  
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4.4. Transmission Electron Microscopy 
The results from microscopic analysis provide the evidence of physical degradation induced by this 
project.  We are mostly interested in comparing the platinum particle size and dispersion between 
anode and cathode.  
  
Figure 26-TEM view of Anode 
Figure 26 shows the cross -sectional view of the anode side of the membrane under TEM analysis. The 
black spots observed in the directions of one  o'clock, six o'clock, nine o'clock and eleven o o'clock shows 
the agglomeration of dissolved Pt catalyst.  Although there is no set of literature values for the general 
size of platinum particle dissolved, out immediate comparison with the TEM result from MEA 7 (Franck-
Lacaze, 2009) shows that the approximated size of platinum particle in MEA 8 is larger than that in MEA 
7 by three times wider in the diameter. Detail of the comparative analysis was not performed, since 
MEA 7 and MEA 8 had very different aim of degradation causes, but the comparison helped us to 
determine the relative size of platinum particle observed in our TEM results.  
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Figure 27-TEM View of Cathode 
Figure 27 shows the cross-sectional view of cathode side. The platinum particle size is much larger when 
compared with that from anode (Figure 26), which agrees with general results from the literatures 
(Borup, 2007). When compared with the microscopy result from MEA 7, the size of platinum dissolved in 
cathode side of MEA 8 is about four times wider in its diameter. The larger dissolution of platinum in 
MEA 8 than in MEA 7 also matches with the comparison of results in polarization curve and impedance 
spectroscopy, where higher voltage loss and Ohmic resistance growth were observed in MEA 8.  
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Figure 28-TEM for anode-membrane interface 
Figure 28 shows the TEM result at the cathode-membrane interface. The two black spots shown in the 
six o'clock direction of the figure are dissolved platinum particles.  There were not many dissolved 
particles observed in the anode-membrane interface; this explanation is in relative to the TEM result for 
cathode-membrane interface which is more clearly shown in Figure 29.   
 
Figure 29-TEM for cathode-membrane interface 
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Although, the explanation that is based on the permeability of hydrogen and oxygen appeared to be 
contradictory in our chromatography result, our TEM results match the explanation very well. The 
general interpretation of the microscopy results show that the bigger the platinum agglomeration is, 
and the more platinum particles dissolved, the more severe degradation results. Based on this, we can 
conclude that the level of degradation was higher at the cathode than at the anode.  
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5.0. Conclusion and Future Work  
 
The main conclusion of this work shows that the membrane is more inclined to the chemical 
degradation when dynamic cycling load is imposed. While the most dominant explanation for this 
empirical conclusion is the accelerated degradation induced by the attacks of free radicals, which 
become more substantial under low load with higher voltage condition due to increase fuel crossover 
phenomena, the exact verification of this statement has not been accomplished.  
To bolster the existing explanation of degradation mechanism, it is important to continue conducting 
experiments that can test the durability under various conditions. One of the problems of fuel cell 
testing is that there are so many different parameters that can affect the performance of a fuel cell in 
the aspect of durability, reliability and stability. A solid foundation of fundamentals of the empirical 
assessment of the fuel cell performance and development of methodological derivation based on the 
practice will be a key to the wide commercialization and development of a fuel cell.  
There are some data that we wish we would have thought in advance and taken before MEA was 
disassembled; the polarization curve response and impedance spectrum after the duration of 
experiment, which could have provide apparent comparison of the fuel cell performance before and 
after the dynamic load cycling.  It was also interesting but at the same time unintended to see that there 
was higher concentration of fluoride and sulphonate at the effluent water from anode than at the 
cathode, and further studying to correlate this experimental data with the proposed degradation 
mechanism can be interesting.  
Overall, we believe that the experiment evaluated the objective of this project very well, with raw data 
and the interpretation and study of the data that can be used for further meaningful analysis along with 
other experiments.   
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APPENDIX A: Summary of Experimentations  
Table A.1.  
  Weight_A(g) Weight_C(g) Duration(s) FR_A(g/s) FR_C(g/s) load(A) 
Series 1             
270109A 7.3605 8.606 1400 0.0052575 0.00614714 3 
270109C 7.6757 12.5569 10700 0.00071736 0.00117354 5 
280109A 19.4394 50.0049 55350 0.00035121 0.00090343 8 
280109G 7.3188 25.3269 19200 0.00038119 0.00131911 10 
290109A 20.5122 82.5335 62050 0.00033058 0.00133011 13.5 
290109C 11.7642 29.6186 23100 0.00050927 0.00128219 15 
300109A 34.2969 94.6772 59500 0.00057642 0.00159121 17 
300109C 10.1161 26.0269 16000 0.00063226 0.00162668 20 
300109E 8.4729 18.4746 7200 0.00117679 0.00256592 22 
Series 2             
030209A 40.8413 114.2904 69150 0.00059062 0.00165279 13.5 
030209C 1.1246 3.725 7200 0.00015619 0.00051736 0.5 
040209A 42.1829 106.4116 78800 0.00053532 0.0013504 13.5 
040209C 9.7662 14.2075 3700 0.00263951 0.00383986 3 
050209A 25.9424 68.5713 49500 0.00052409 0.00138528 13.5 
050209C 3.3485 8.5165 21450 0.00015611 0.00039704 0.5 
060209A 32.8023 86.8426 65250 0.00050272 0.00133092 13.5 
060209C 1.1642 2.1376 14450 8.0567E-05 0.00014793 0.5 
060209E 5.5861 14.849 11600 0.00048156 0.00128009 13.5 
Series 3             
090209A 10.3252 22.7458 13800 0.0007482 0.00164825 13.5 
100209A 6.2094 9.9024 56300 0.00011029 0.00017589 0.5 
100209C 13.6185 37.9138 27500 0.00049522 0.00137868 13.5 
110209A 5.7745 13.9023 55750 0.00010358 0.00024937 0.5 
110209C 13.3927 36.3252 23624 0.00056691 0.00153764 13.5 
120209A 6.2641 15.321 57200 0.00010951 0.00026785 0.5 
130209A 25.5982 65.1175 50700 0.0005049 0.00128437 13.5 
130209C 1.4285 5.3752 13700 0.00010427 0.00039235 0.5 
130209E 3.7421 9.7124 8150 0.00045915 0.00119171 13.5 
Series 4             
170209A 57.4715 146.843 107100 0.00053662 0.00137108 13.5 
190209A 15.6532 38.8933 143050 0.00010942 0.00027189 0.5 
200209B 59.2024 150.3856 111700 0.00053001 0.00134633 13.5 
Series 5             
240209A 17.0503 50.4835 32150 0.00053034 0.00157025 13.5 
240209B 11.5309 30.2856 22680 0.00050842 0.00133534 13.5 
240209C 5.1117 12.531 9350 0.00054671 0.00134021 13.5 
250209A 11.9448 43.8984 25081 0.00047625 0.00175027 13.5 
260209A 5.7588 19.8668 89650 
Series 6             
040309A 54.1021 134.0484 499350 0.00010835 0.00026845 0.5 
040309C 2.3263 5.9011 21850 0.00010647 0.00027007 0.5 
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Table. A.2.  
H2=3, Air=3, P=0.6bar,  70% RH  T° fuel cell=65 
Polarisation 
150109A cal_0 
150109B   
160109A   
160109C   
200109A   
200109B   
SERIE 1 270109A pol_3A 
270109B imp 
270109C pol_5A 
270109D imp 
280109A pol_8A 
280109B imp 
280109C 3A This parts were done  
280109E 5A 
due to experimental 
error 
280109F 8A No data was collected 
280109G pol_10A 
280109H imp 
290109A pol_13.5A 
290109B imp 
290109C pol_15A 
290109D imp 
300109A pol_17A 
300109B imp 
300109C pol_20A 
300109D imp 
300109E pol_22A 
300109F imp 
Dynamic Load Cycle 
SERIE 2 030209A nom_1 
030209B imp 
030209C OCV_1 
030209D imp 
040209A nom_2 
040209B imp 
040209C 3A 
Gas Compressor 
Broke 
040209D 3A     
050209A nom_3 
050209B imp 
050209C OCV_2 
050209D imp 
060209A nom_4 
060209B imp 
060209C OCV_3 
060209D imp 
060209E nom_5 
060209F imp 
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SERIE 3 090209A nom_6 
090209B imp 
100209A OCV_4 
100209B imp 
100209C nom_7 
100209D imp 
110209A OCV_5 
110209B imp 
110209C nom_8 
110209D imp 
120209A OCV_6 
120209B imp 
130209A nom_9 
130209B imp 
130209C OCV_7 
130209D imp 
130209E nom_10 
130209F imp 
SERIE 4 170209A nom_11 
170209B imp 
190209A OCV_8 
190209B imp 
200209A nom12 
200209B nom_12 
200109C imp 
SERIE 5 240209A nom_13 Cell automatically shutted off 
240209B nom_14 Cell automatically shutted off 
240209C nom_15 
240209D imp 
250209A nom_16 Cell automatically shutted off 
260209A OCV_9 
260209B imp 
SERIE 6 040309A OCV_10 
040309B imp 
040309C OCV_11 chromatography is not done starting this point 
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 APPENDIX B: GAMS Codes for Polarization Curve Fitting Parameters  
 
Sets 
         n number of experimental points /1*9/ 
         P current and potential      /j,v/; 
 
variables   jint    the internal current parameter 
                   jo      the exchange current parameter 
                   b       the charge transfer overvoltage parameter 
                   R       the ohmic resistance parameter 
                  m       high current voltage loss parameter 1 
                    f       high current voltage loss parameter 2 
                Ec(n)   calculated fuel cell potential 
                 opt     optimization parameter; 
 
Table IV(n,P) 
         j            v 
 1    0.12      0.802083343 
 2    0.2       0.752719615 
 3    0.32      0.702512718 
 4    0.4       0.6707392 
 5    0.54      0.629391773 
 6    0.6       0.613713703 
 7    0.68      0.590633606 
 8    0.8       0.553244706 
 9    0.88      0.528703366; 
 
*Universal Gas Constant R = 8.314 J/mol*K 
*Faraday's Constant F = 96485 C/mole electrons 
*Partial Pressure for Hydrogen PH2 = 0.592 atm 
*Partial Pressure for Oxygen PO2 = 0.124 atm 
*Fuel cell operating temperature T=363 kelvin 
*Erev = 1.229 - 0.0009(T-298) + (RT/4F)ln(sqr(PH2)*PO2) 
Scalar Erev reversible potential /1.146/; 
 
Equations 
   Ecell(n) Potential of the fuel cell 
   EOCV(n) imposing the experimental OCV constraint 
   obj      objective equation for the optimization; 
 
   jo.lo = 1E-10; 
   R.lo = 1E-10; 
   b.l = 0.03; 
   m.l = 0.05; 
   f.l = 1.22; 
   jint.l=3E-3; 
   R.l = 0.05; 
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   jo.l = 6.3E-5; 
 
   Ecell(n).. Ec(n) =e= Erev - b*log10((IV(n,'j')+jint)/(jo)) -R*(IV(n,'j')) - m*exp(f*(IV(n,'j'))); 
   EOCV(n)..  0.9 =e= Erev -b*log10((jint)/(jo)); 
 
*objective functions 
    obj..     opt =e= sum(n,(sqr(Ec(n)-IV(n,'v')))); 
 
  Model potentialmodel /all/; 
  Solve potentialmodel using nlp minimizing opt; 
  display b.l, jint.l, R.l, m.l, f.l, jo.l; 
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APPENDIX C: Summary of Ion Chromatography Data 
Table C. 1. Summary of Fluoride Ion Chromatography Data from 02/26/2009  
Sample Sample Name Ret.Time  Area  Height  Amount  Type  S/N  
No. 
 
min µS*min µS mg/L 
  
  
Fluorure Fluorure Fluorure Fluorure Fluorure Fluorure 
    CD_1_Total CD_1_Total CD_1_Total CD_1_Total CD_1_Total CD_1_Total 
1 eau 3.387   0.0053   0.06   0.01025   BMB 0.4 
2 eau n.a. n.a. n.a. n.a. n.a. n.a. 
3 eau 3.390   0.1339   0.23   0.25859   BM  n.a. 
4 F_0.5ppm 3.253   0.2381   2.69   0.45987   BMB* 24.0 
5 F_1ppm 3.257   0.5090   5.62   0.98298   BMB* 49.9 
6 F_2ppm 3.257   1.0452   11.37   2.01854   BMB* 53.2 
7 F_5ppm 3.257   1.5406   16.53   2.97536   BMB* 153.4 
8 eau 3.260   0.0373   0.01   0.07197   BMb 0.7 
9 CO3_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
10 CO3_3ppm n.a. n.a. n.a. n.a. n.a. n.a. 
11 CO3_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
12 CO3_10ppm n.a. n.a. n.a. n.a. n.a. n.a. 
13 eau 3.394   0.1163   0.21   0.22464   BM  n.a. 
14 SO4_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
15 SO4_2ppm n.a. n.a. n.a. n.a. n.a. n.a. 
16 SO4_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
17 SO4_10ppm n.a. n.a. n.a. n.a. n.a. n.a. 
18 eau 3.390   0.1189   0.20   0.22963   BM  n.a. 
19 A-cal-0 3.253   0.1489   1.67   0.28750   BM * 4.6 
20 C-cal-0 3.257   0.0776   0.73   0.14978   BM * 1.4 
21 A_pol_3A 3.257   0.4839   4.94   0.93457   BM * 3.2 
22 C_pol_3A 3.253   0.1086   1.22   0.20980   BM * 3.6 
23 A_pol_5A 3.257   0.3767   4.26   0.72757   BM * 3.6 
24 C_pol_5A 3.253   0.1892   2.13   0.36538   BM * 6.2 
25 A_pol_8A 3.257   0.4996   5.41   0.96484   BM * 5.9 
26 C_pol_8A 3.257   0.2803   3.17   0.54134   BM * 8.8 
27 A_pol_10A 3.257   0.6081   6.74   1.17445   BM * 4.2 
28 C_pol_10A 3.254   0.2291   2.59   0.44255   BM * 7.2 
29 eau 3.394   0.0062   0.06   0.01205   bMB 9.7 
30 F_2ppm 3.257   1.0487   11.27   2.02540   BMB* 52.3 
31 A_pol_13.5A 3.257   0.2229   2.50   0.43045   BM * 3.3 
32 C_pol_13.5A 3.257   0.0851   0.95   0.16433   BM * 2.6 
33 A_pol_15A 3.257   0.1548   1.76   0.29902   BM * 2.4 
34 C_pol_15A 3.257   0.0536   0.60   0.10348   BM * 1.7 
35 A_pol_17A 3.257   0.0912   1.04   0.17615   BM * 1.5 
36 C_pol_17A 3.257   0.0376   0.42   0.07254   BM * 0.8 
37 A_pol_20A 3.257   0.0798   0.91   0.15415   BM * 1.4 
38 C_pol_20A 3.257   0.0261   0.30   0.05033   BM * 0.9 
39 A_pol_22A 3.257   0.0701   0.80   0.13548   BM * 1.3 
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40 C_pol_22A 3.257   0.0294   0.31   0.05676   BM * n.a. 
41 Eau 3.393   0.1363   0.22   0.26323   BM  n.a. 
42 CO3_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
43 A_nom1 3.257   0.2763   3.11   0.53367   BM * 4.8 
44 C_nom1 3.260   0.5838   6.47   1.12741   BM * 16.8 
45 A_OCV1 3.260   0.3728   4.17   0.71994   BM * 3.4 
46 C_OCV1 3.253   0.0705   0.80   0.13619   BM * 2.2 
47 A_nom2 3.254   0.2792   3.19   0.53915   BM * 5.6 
48 C_nom2 3.257   0.1847   2.09   0.35674   BM * 6.2 
49 A_3A 3.260   2.3526   24.73   4.54353   BM * 20.2 
50 C_3A 3.260   1.4014   15.13   2.70647   BM * 24.8 
51 A_nom3 3.257   0.6544   7.24   1.26393   BM * 10.9 
52 C_nom3 3.257   0.6791   7.55   1.31163   BM * 18.7 
53 Eau 3.397   0.1362   0.21   0.26302   BM  n.a. 
54 SO4_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
55 A_OCV2 3.267   3.1430   32.39   6.07006   BM * 23.5 
56 C_OCV2 3.263   1.5477   16.47   2.98903   BM * 22.8 
57 A_nom4 3.257   0.8587   9.40   1.65850   BM * 14.2 
58 C_nom4 3.257   0.8409   9.23   1.62401   BM * 12.9 
59 A_OCV3 3.263   2.9214   30.07   5.64220   BM * 19.1 
60 C_OCV3 3.257   0.9390   10.32   1.81358   BM * 21.0 
61 A_nom5 3.260   2.7429   28.36   5.29736   BM * 24.3 
62 C_nom5 3.260   2.3438   24.65   4.52655   BM * 19.5 
63 A_nom6 3.260   1.8390   19.60   3.55163   BM * 22.9 
64 C_nom6 3.260   1.4387   15.56   2.77866   BM * 20.2 
65 A_OCV4 3.274   8.5541   78.56   16.52063   BM * 45.3 
66 C_OCV4 3.274   6.1845   59.85   11.94418   BM * 23.6 
67 Eau 3.254   0.0457   0.03   0.08819   BMb 3.1 
68 A_nom7 3.264   2.4746   25.81   4.77917   BM * 23.5 
69 C_nom7 3.263   2.6793   28.07   5.17462   BM * 20.1 
70 A_OCV5 3.273   8.3287   78.83   16.08519   BM * 28.9 
71 C_OCV5 3.273   6.7667   63.62   13.06850   BM * 36.1 
72 A_nom8 3.263   2.8398   29.36   5.48455   BM * 25.6 
73 C_nom8 3.260   2.8036   28.81   5.41460   BM * 25.6 
74 A_OCV6 3.277   10.2904   94.66   19.87393   BM * 34.1 
75 C_OCV6 3.270   7.3152   71.01   14.12785   BM * 27.2 
76 A_nom9 3.260   2.3178   24.31   4.47637   BM * 24.5 
77 C_nom9 3.260   2.2426   23.63   4.33123   BM * 23.3 
78 Eau 3.394   0.0886   0.14   0.17108   BMB 1.2 
79 A_OCV7 3.270   7.0667   66.80   13.64803   BM * 29.7 
80 C_OCV7 3.260   2.3954   25.06   4.62634   BM * 20.9 
81 A_nom10 3.270   5.2644   51.44   10.16711   BM * 30.6 
82 C_nom10 3.267   4.9276   48.74   9.51669   BM * 27.4 
83 A_nom11 3.257   1.5737   16.81   3.03921   BM * 23.4 
84 C_nom11 3.260   1.8530   19.53   3.57870   BM * 25.0 
85 A_OCV8 3.280   10.2212   93.82   19.74029   BM * 31.9 
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86 C_OCV8 3.277   8.7480   81.11   16.89517   BM * 38.8 
87 A_nom12 3.257   1.4244   15.30   2.75095   BM * 21.2 
88 C_nom12 3.257   1.4355   15.39   2.77234   BM * 22.1 
89 Eau 3.253   0.0416   0.03   0.08041   BMb 0.2 
90 F_1ppm 3.257   0.4888   5.46   0.94399   BM * 45.4 
91 CO3_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
92 SO4_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
 
Average: 3.274   1.807   17.820   3.490   
 
7694   
 
Rel.Std.Dev: 1.239 % 143.350 % 136.550 % 143.350 % 
 
26.026 % 
 
Table C. 2. Summary of Sulphate Ion Chromatography Data from 02/26/2009 
Sample Sample Name Ret.Time  Area  Height  Amount  Type  S/N  
No. 
 
min µS*min µS mg/L 
  
  
Sulfate Sulfate Sulfate Sulfate Sulfate Sulfate 
    CD_1_Total CD_1_Total CD_1_Total CD_1_Total CD_1_Total CD_1_Total 
1 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
2 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
3 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
4 F_0.5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
5 F_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
6 F_2ppm n.a. n.a. n.a. n.a. n.a. n.a. 
7 F_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
8 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
9 CO3_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
10 CO3_3ppm n.a. n.a. n.a. n.a. n.a. n.a. 
11 CO3_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
12 CO3_10ppm n.a. n.a. n.a. n.a. n.a. n.a. 
13 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
14 SO4_1ppm 9.314   0.2008   0.92   0.87972   BMB* 8.4 
15 SO4_2ppm 9.307   0.4079   1.90   1.78654   BMB* 11.4 
16 SO4_5ppm 9.287   1.1165   5.15   4.89048   BMB* 48.1 
17 SO4_10ppm 9.260   2.3081   10.37   10.10948   BMB* 114.4 
18 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
19 A-cal-0 9.310   0.1964   0.90   0.86034   BMB* 35.5 
20 C-cal-0 9.317   0.0979   0.44   0.42901   BMB* 31.8 
21 A_pol_3A 9.310   0.2230   1.03   0.97694   BMB* 31.4 
22 C_pol_3A 9.310   0.1297   0.59   0.56791   BMB* 50.7 
23 A_pol_5A 9.310   0.1195   0.54   0.52348   BMB* 24.0 
24 C_pol_5A 9.313   0.1044   0.47   0.45743   BMB* 47.8 
25 A_pol_8A 9.314   0.0726   0.33   0.31820   BMB* 14.7 
26 C_pol_8A 9.314   0.0884   0.40   0.38708   BMB* 48.7 
27 A_pol_10A 9.307   0.2143   0.99   0.93870   BMB* 22.6 
28 C_pol_10A 9.314   0.0759   0.35   0.33224   BMB* 26.5 
29 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
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30 F_2ppm n.a. n.a. n.a. n.a. n.a. n.a. 
31 A_pol_13.5A 9.313   0.0714   0.32   0.31271   BMB* 20.9 
32 C_pol_13.5A 9.314   0.0713   0.32   0.31232   BMB* 32.2 
33 A_pol_15A 9.310   0.0814   0.37   0.35661   BMB* 27.1 
34 C_pol_15A 9.310   0.0708   0.32   0.30992   BMB 34.4 
35 A_pol_17A 9.310   0.0777   0.35   0.34014   BMB* 20.7 
36 C_pol_17A 9.313   0.0876   0.40   0.38386   BMB* 30.4 
37 A_pol_20A 9.314   0.0716   0.32   0.31382   BMB* 26.9 
38 C_pol_20A 9.314   0.0601   0.27   0.26327   BMB* 29.7 
39 A_pol_22A 9.310   0.0783   0.35   0.34282   BMB* 22.3 
40 C_pol_22A 9.310   0.0804   0.36   0.35225   BMB* 25.7 
41 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
42 CO3_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
43 A_nom1 9.307   0.0929   0.43   0.40682   BMB* 31.9 
44 C_nom1 9.310   0.1155   0.54   0.50608   BMB* 59.1 
45 A_OCV1 9.307   0.1909   0.88   0.83615   BMB* 4.5 
46 C_OCV1 9.310   0.0716   0.33   0.31378   BMB* 25.0 
47 A_nom2 9.310   0.0741   0.34   0.32445   BMB* 26.4 
48 C_nom2 9.317   0.0548   0.25   0.24021   BMB* 26.7 
49 A_3A 9.307   0.1089   0.52   0.47704   BMB* 25.3 
50 C_3A 9.307   0.1060   0.49   0.46430   BMB* 24.0 
51 A_nom3 9.307   0.0941   0.43   0.41229   BMB* 22.7 
52 C_nom3 9.307   0.0649   0.30   0.28427   BMB* 28.9 
53 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
54 SO4_5ppm 9.280   1.1066   5.10   4.84682   BMB* 43.0 
55 A_OCV2 9.310   0.0991   0.46   0.43406   BMB* 19.2 
56 C_OCV2 9.307   0.0691   0.33   0.30269   BMB* 26.0 
57 A_nom4 9.304   0.0800   0.37   0.35059   BMB* 15.5 
58 C_nom4 9.304   0.0624   0.29   0.27326   BMB* 26.1 
59 A_OCV3 9.300   0.1764   0.82   0.77268   BMB* 10.8 
60 C_OCV3 9.303   0.0784   0.36   0.34345   BMB* 23.8 
61 A_nom5 9.303   0.0880   0.40   0.38552   BMB* 23.2 
62 C_nom5 9.304   0.0653   0.30   0.28622   BMB* 16.3 
63 A_nom6 9.300   0.0858   0.39   0.37572   BMB* 21.2 
64 C_nom6 9.304   0.0627   0.30   0.27481   BMB* 19.0 
65 A_OCV4 9.304   0.1126   0.52   0.49300   BMB* 22.0 
66 C_OCV4 9.304   0.0786   0.36   0.34408   BMB* 13.0 
67 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
68 A_nom7 9.300   0.0961   0.44   0.42114   BMB* 12.5 
69 C_nom7 9.303   0.0706   0.32   0.30940   BMB* 16.1 
70 A_OCV5 9.300   0.0978   0.45   0.42818   BMB* 21.2 
71 C_OCV5 9.307   0.0677   0.31   0.29647   BMB* 6.8 
72 A_nom8 9.303   0.0883   0.40   0.38685   BMB* 7.0 
73 C_nom8 9.300   0.0612   0.28   0.26820   BMB* 8.4 
74 A_OCV6 9.300   0.0958   0.43   0.41967   BMB* 9.4 
75 C_OCV6 9.300   0.0686   0.31   0.30065   BMB* 4.6 
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76 A_nom9 9.304   0.0904   0.41   0.39580   BMB* 6.2 
77 C_nom9 9.300   0.0658   0.29   0.28823   BMB* 8.8 
78 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
79 A_OCV7 9.297   0.1253   0.58   0.54898   BMB* 9.3 
80 C_OCV7 9.297   0.0779   0.35   0.34133   BMB* 6.4 
81 A_nom10 9.307   0.1002   0.45   0.43882   BMB 8.4 
82 C_nom10 9.300   0.0651   0.29   0.28498   BMB* 4.8 
83 A_nom11 9.297   0.0555   0.25   0.24310   BMB* 5.4 
84 C_nom11 9.297   0.0716   0.33   0.31353   BMB* 8.9 
85 A_OCV8 9.304   0.0762   0.34   0.33379   BMB* 4.4 
86 C_OCV8 9.300   0.0729   0.33   0.31929   BMB* 3.5 
87 A_nom12 9.300   0.0745   0.34   0.32630   BMB* 7.2 
88 C_nom12 9.297   0.0664   0.30   0.29093   BMB* 10.3 
89 Eau n.a. n.a. n.a. n.a. n.a. n.a. 
90 F_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
91 CO3_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
92 SO4_1ppm 9.294   0.1921   0.88   0.84145   BMB* 6.6 
 
Average: 9.305   0.162   0.741   0.710   
 
11570   
 
Rel.Std.Dev: 0.094 % 197.358 % 195.701 % 197.358 % 
 
2.172 % 
 
Table C. 3. Summary of Fluoride Ion Chromatography Data from 03/06/2009 
Sample Sample Name Ret.Time  Area  Height  Amount  Type  S/N  
No. 
 
min µS*min µS mg/L 
  
  
Fluorure Fluorure Fluorure Fluorure Fluorure Fluorure 
    CD_1_Total CD_1_Total CD_1_Total CD_1_Total CD_1_Total CD_1_Total 
1 eau 3.384   0.1687   0.20   0.33897    MB n.a. 
2 eau 3.390   0.1971   0.17   0.39602   BMB 40.6 
3 eau n.a. n.a. n.a. n.a. n.a. n.a. 
4 eau 3.390   0.1934   0.16   0.38857   bMB 42.0 
5 F_0.5ppm 3.257   0.2276   2.67   0.45736   BM * 25.4 
6 F_1ppm 3.253   0.4804   5.51   0.96517   BM * 54.7 
7 F_2ppm 3.257   1.0094   11.14   2.02808   BM * 76.3 
8 F_3ppm 3.257   1.5404   16.44   3.09505   BM * 89.2 
9 eau 3.390   0.1842   0.15   0.37015   BMB 1.7 
10 CO3_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
11 CO3_3ppm n.a. n.a. n.a. n.a. n.a. n.a. 
12 CO3_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
13 CO3_10ppm n.a. n.a. n.a. n.a. n.a. n.a. 
14 eau n.a. n.a. n.a. n.a. n.a. n.a. 
15 SO4_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
16 SO4_2ppm n.a. n.a. n.a. n.a. n.a. n.a. 
17 SO4_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
18 SO4_10ppm n.a. n.a. n.a. n.a. n.a. n.a. 
19 eau n.a. n.a. n.a. n.a. n.a. n.a. 
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20 A_nom_13 3.257   0.7792   8.62   1.56562   BM * 15.2 
21 C_nom_13 3.260   0.5383   5.95   1.08162   BM * 22.4 
22 A_nom_14 3.260   0.7909   8.77   1.58899   BM * 12.9 
23 C_nom_14 3.257   0.5912   6.67   1.18777   BM * 9.1 
24 A_nom_15 3.257   0.7039   7.77   1.41436   BM * 12.0 
25 C_nom_15 3.260   0.4174   4.67   0.83864   BM * 7.5 
26 A_nom_16 3.257   0.6669   7.37   1.34003   BM * 12.9 
27 C_nom_16 3.260   0.3771   4.28   0.75776   BM * 7.3 
28 A_nom_17 3.257   0.9057   9.81   1.81965   BM * 5.2 
29 C_nom_17 3.257   0.7041   7.85   1.41474   BM * 11.8 
30 eau 3.437   0.1878   0.14   0.37736   BMB 1.3 
31 F_2ppm 3.257   1.0235   11.08   2.05639   BMB* 104.6 
32 CO3_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
33 SO4_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
34 eau n.a. n.a. n.a. n.a. n.a. n.a. 
35 A_OCV_9_1 3.264   3.3578   34.14   6.74650   BM * 26.2 
36 C_OCV_9_1 3.264   2.9416   30.11   5.91026   BM * 26.2 
37 A_OCV_9_2 3.264   4.3865   43.58   8.81335   BM * 28.1 
38 C_OCV_9_2 3.264   3.7558   38.09   7.54629   BM * 24.4 
39 C_OCV_9_3 3.260   2.9053   29.84   5.83739   BM * 25.9 
 
Average: 3.287   1.161   11.807   2.333   
 
7185   
 
Rel.Std.Dev: 1.753 % 107.397 % 108.326 % 107.397 % 
 
46.349 % 
 
Table C. 4. Summary of Sulphate Ion Chromatography Data from 03/06/2009 
Sample Sample Name Ret.Time  Area  Height  Amount  Type  S/N  
No. 
 
min µS*min µS mg/L 
  
  
Sulfate Sulfate Sulfate Sulfate Sulfate Sulfate 
    CD_1_Total CD_1_Total CD_1_Total CD_1_Total CD_1_Total CD_1_Total 
1 eau 9.267   0.0237   0.10   0.10447   BMB 79.1 
2 eau 9.270   0.0232   0.10   0.10211   BMB 31.0 
3 eau n.a. n.a. n.a. n.a. n.a. n.a. 
4 eau 9.277   0.0230   0.10   0.10124   BMB 44.3 
5 F_0.5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
6 F_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
7 F_2ppm n.a. n.a. n.a. n.a. n.a. n.a. 
8 F_3ppm n.a. n.a. n.a. n.a. n.a. n.a. 
9 eau 9.280   0.0237   0.10   0.10459   BMB 93.0 
10 CO3_1ppm n.a. n.a. n.a. n.a. n.a. n.a. 
11 CO3_3ppm n.a. n.a. n.a. n.a. n.a. n.a. 
12 CO3_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
13 CO3_10ppm n.a. n.a. n.a. n.a. n.a. n.a. 
14 eau n.a. n.a. n.a. n.a. n.a. n.a. 
15 SO4_1ppm 9.277   0.1958   0.90   0.86318   BMB* 8.8 
16 SO4_2ppm 9.270   0.4005   1.87   1.76594   BMB* 18.2 
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17 SO4_5ppm 9.253   1.1071   5.10   4.88114   BMB* 48.6 
18 SO4_10ppm 9.230   2.2953   10.33   10.11993   BMB* 99.0 
19 eau 9.283   0.0107   0.05   0.04697   BMB 66.1 
20 A_nom_13 9.280   0.0734   0.34   0.32348   BMB* 14.8 
21 C_nom_13 9.280   0.1486   0.69   0.65519   BMB* 48.6 
22 A_nom_14 9.280   0.1025   0.47   0.45186   BMB* 21.1 
23 C_nom_14 9.280   0.0709   0.33   0.31261   BMB* 15.7 
24 A_nom_15 9.277   0.1834   0.84   0.80860   BMB* 24.8 
25 C_nom_15 9.284   0.0820   0.37   0.36149   BMB* 8.0 
26 A_nom_16 9.280   0.1070   0.49   0.47198   BMB* 22.2 
27 C_nom_16 9.284   0.0633   0.29   0.27907   BMB* 18.2 
28 A_nom_17 9.277   0.1441   0.66   0.63536   BMB* 27.6 
29 C_nom_17 9.280   0.0796   0.36   0.35114   BMB* 22.5 
30 eau 9.284   0.0101   0.05   0.04466   BMB 47.0 
31 F_2ppm n.a. n.a. n.a. n.a. n.a. n.a. 
32 CO3_5ppm n.a. n.a. n.a. n.a. n.a. n.a. 
33 SO4_5ppm 9.253   1.0991   5.07   4.84599   BMB* 47.0 
34 eau 9.283   0.0104   0.05   0.04572   BMB 55.8 
35 A_OCV_9_1 9.284   0.0789   0.35   0.34775   BMB* 16.3 
36 C_OCV_9_1 9.284   0.0647   0.29   0.28534   BMB 7.4 
37 A_OCV_9_2 9.284   0.0867   0.39   0.38224   BMB* 10.1 
38 C_OCV_9_2 9.284   0.0696   0.31   0.30668   BMB* 6.2 
39 C_OCV_9_3 9.280   0.0732   0.33   0.32265   BMB* 8.6 
 
Average: 9.276   0.246   1.124   1.086   
 
11304   
 
Rel.Std.Dev: 0.133 % 201.733 % 200.547 % 201.733 % 
 
3.999 % 
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